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the  production  of  pure  fluorine  albeit  at  relatively  low  yield  (about  10  weight 
percent)  and  invastlgationa  of  its  fomulations  have  been  pursued. 


SUMMARY 


A $0tie$  of  «v«iXable  or  knom  solid  resctsnts  capable  of  tenerating 
fluorine  uhen  eoabined  with  fuels  was  identified  and  exaeined  during  the 
course  of  the  progrssi. 

An  extensive  literature  review  eosibined  with  a themocheaical  evaluation 
procedure  defined  candidates  with  labile  fluorine  that  were  subsequently 
screened  as  to  acceptability  in  stfeting  specified  requirements.  A series  of 
32  candidate  fluorine  reactants  was  included  in  the  reactant  screening  and 
rating  operations.  The  parameters  chat  had  ma.ior  influence  on  reactant 
acceptability  during  this  screening  operation  %fere  stability,  safety,  and 
cost. 


A series  of  five  reactants  was  selected  for  experimental  evaluation 
based  on  the  reactant  ratings.  The  compounds  were  NOBrF4,  (MO)2HnP4,  KBrPg, 
KCIP4,  and  LitkiP5.  The  first  two  reactants,  N0BrP4  and  (NO)2MnP5,  were 
eliminated  trom  consideration  at  an  early  stage  because  of  the  low  fluorine 
yield  of  (NO)2MnP5  and  Che  expected  detrimental  influence  of  HOF  and  bromine 
products  on  laser  prformance  in  the  case  of  R0BrP4.  The  two  intarhalogen 
derivatives,  KBrPg  and  KCIP4,  were  carried  through  small-scale  grain  testing 
(10  to  20  g).  Test  data  showed  the  KBrp5/Mg3N2  and  KCIP4/AIN  reactant 
systems  to  be  most  amenable  to  ignition  and  combustion  in  the  scale  tested. 
Studies  of  these  two  reactant  systems  were  discontinued  based  on  the 
anticipated  detrimental  effects  of  BrF  and  CIP  on  laser  performance. 

Work  on  LiNnPj  was  conducted  based  on  prediction  of  fluorine  as  the  only 
gaseous  product  with  other  products  forming  a sintered  residue.  Ignition  and 
combustion  of  various  LiNnF3  and  fuel  reactant  systems  were  difficult  to 
achieve  on  the  scale  tested.  The  most  promising  candidate  based  on  the 
grains  tested  consisted  of  a LiMnP3/l(g  formulation. 

An  exploratory  analysis  and  design  of  a fluorine  gas  generator  system 
were  developed  using  the  LiMiF3/Mg  reactant  system  parameters  as  input.  The 
primary  area  of  uncertainty  was  in  the  ignition  train  design. 
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INTRODUCTION 


This  docunent  describes  the  invest iget ions  performed  under  NSWC  contract 
No.  N60921-75-C-0224,  "Solid  Reactants  for  Fluorine  Generation."  The  overall 
objectives  of  the  program  were  to  select,  by  approved  screening  and  selection 
criteria,  and  to  evaluate  by  tests  and  analysis,  solid  reactants  and 
approaches  capable  of  producing  F,  ?2t  or  NF3  at  weight  yields  corresponding 
to  lOZ  equivalent  fluorine  with  an  ultimate  goal  of  23Z  equivalent  fluorine. 
Furthermore,  the  reactant  systems  and  approaches  selected  should  be  capable 
of  producing  an  exhaust  containing  miniraun  levels  of  contaminants  or 
particles  and  the  system  should  be  scalable  to  produce  0.25  lb  of  fluorine 
per  second  for  up  to  3 sec  duration. 

Principal  operational  constraints  in  development  of  a DF  chemical  laser 
are  the  storing,  handling,  and  safety  of  the  reactants.  These  constraints 
emphasized  the  desirability  of  solid  gas  generators  to  produce  the  gaseous 
reactants  needed  for  HF/DF  lasers.  With  demonstrated  practical  generation  of 
H2  and  D2  from  solid  formulations  and  since  stored  helium,  nitrogen,  or 
nitrogen-generating  formulations  can  be  used  as  the  diluent  gas  80u-*ce,  the 
primary  remaining  problem  area  is  that  of  a suitable  fluorine  source. 

The  hazardous  nature  and  physical  properties  of  fluorine  combine  to  make 
its  storage  in  the  elemental  form  a formidable  undertaking  if  substantial 
quantities  are  to  be  stored  tor  extended  periods.  The  problems  of 
corrosivity  during  the  storage  period,  the  potential  of  boiloff  or  leakage  of 
the  liquid  phase  when  employed  as  a cryogenic  reagent,  and  the  need  to  supply 
a pressurization  subsystem  are  drawbacks  to  liquid  fluorine.  The  inherent 
storability  of  solid  reactants  makes  the  approach  of  solid  grains  for 
fluorine  generation  attractive,  and  has  been  the  primary  impetus  for  work  in 
this  area. 

Although  several  fluorine-generating  formulations  have  been 
characterized  to  date  on  a laboratory  scale,  there  is  currently  no  fully 
developed  composition  based  on  available  reactants  which  produces  F,  F2,  or 
NF3  as  combustion  products.  Among  the  reactants  which  have  bean  investigated 
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at  fluorine  generation  aourceo  are  the  xenon  fluorides,  XeF2  and  XeF^,  and 
the  salts,  NF4BF4  and  i(F4SbF5.  The  xenon  fluorides  exhibit  marginal 
stability  characteristics,  particularly  for  Havy  usage,  lha  higher  fluorine 
content  cosipouads,  HF4BF4  and  NF4SbFg,  are  presently  not  available  at 
reasonable  cost  in  quantii  Let  sufficient  for  large-scale  operations. 

The  progrms  reported  herein  is  an  investigation  of  alternative 
approaches  for  generation  of  gaseous  F,  ?2,  and  NF3  by  means  of  solid 
reactants  based  on  available,  relatively  inexpensive  ingredients.  The 
availability  and  low  cout  requirements  were  imposed  to  provide  a trade-off 
option  to  the  higher  cost  tetrafluoroasssoniimi  salts.  In  addition,  I 

constraints  on  the  gaseous  product  composition  were  imposed  such  that  it 
would  be  acceptable  for  DF  laser  operation.  Finally,  the  requirements 
included  practical  guidelines  relating  to  handling  and  safety. 


The  program  developed  to  meet  these  objectives  was  divided  into  three 
consecutive  tasks:  task  1,  screening  and  selection  of  reactants  and 

approaches;  task  2,  characterisation  and  testittg  of  the  selected  reactant 
systems;  and  task  3,  scalability  testing  and  supporting  analysis.  The 
progrmi  plan  provided  for  specification  of  five  candidate  reactants  at  the 
end  of  screening  studies  of  task  1,  selection  of  three  candidates  to  be 
evaluated  during  the  testing  effort  of  task  2,  and  up  to  two  candidates  for 
the  task  3 scalability  testing  and  supporting  analysis. 


Synthesis  studies  performed  as  part  of  the  IR&D  program  yielded  a 
portion  of  the  reactant  materials  used  in  the  task  2 efforts.  For 
completeness,  the  results  of  these  studies  have  been  included  in  this  report 
where  appropriate. 


PROGRAM  DISCUSSION 


Several  requirementa  for  a gas  generator  producing  predominantly  gaseous 
fluorine  can  be  defined.  A primary  guideline  is  production  of  gas  generator 
products  that  approach,  or  match,  the  composition  of  gases  currently  being 
used  in  laser  operations  ii.e.,  fluorine,  fluorine-heliiin,  or 
fluorine-nitrogen  mixtures).  Achievement  of  this  guideline  allows  more  ready 
transition  from  lasers  employing  gaseous  fluorine  to  solid  getieraior  operated 
lasers. 

Throughout  the  program,  a set  of  requirements  was  considered  that 
imposed  limits  on  acceptability  of  various  physical,  chemical,  and  economic 
properties  of  candidate  reactants.  These  requirements,  while  subjective  in 
certain  areas,  were  Intended  to  ensure  that  the  final  reactant  systems 
(fluorine  gas  generators)  would  have  utility  in  an  end-item  application.  The 
minimus  requirements  that  need  to  be  satisfied  for  both  the  fluorine 
reactants  and  reactant  systems  are  as  follows: 

A.  Yield  of  fluorine  (as  F,  F2*  and  NF3)  of  10  weight  percent 
(minimum)  to  25  weight  percent  (goal). 

B.  Reactants  are  stable  solids  (and  nonvolatile)  at  temperatures  up  to 
50  C. 

C.  Reactants  are  available  from  commercial  sources  or  can  be 
synthesized  by  practical  synthesis  routes. 

D.  Once  ignited,  reactant  systems  sustain  a controlled  combustion. 

E.  Minimum  concentrations  of  undesnable  or  unacceptable  gases  are 
produced  upon  combustion: 

(1)  Acceptable  *■  N2,  O2,  He,  Ar,  CF4,  and  SP5 

(2)  Undesirable  - HF,  DF,  CO2,  COF2.  SO2F2,  and  CIF3 

(3)  Unacceptable  - Fluorine  reactive  gases 

F.  Reactants  and  fluorine  gas  generat  or  foi-mul  ations  have  normal 
handling  characteristics: 

(1)  Low  sensitivity  to  impact,  friction,  and  spark 

(2)  Autoignition  temperature  (AIT)  in  excess  of  120  C 

(3)  Low  toxicity  of  reactants 

(4)  Storable  at  normal  temperatures 
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(5)  Capable  of  being  processed  in  large  scale. 

C.  ParCicuIate  natter  can  be  removed  fron  generated  gas. 

Of  the  noted  requirement tho^e  having  the  greatest  impact  on  the 
selection  of  reactants  were  the  fluorine  content  (item  A)  and  availability 
(item  C),  whereas  the  selection  of  reactant  systems  for  evalua-:ion  was 
constrained  primarily  by  the  presence  of  other  gases  in  the  products  (item  E) 
and  achieving  sustained  combustion  (item  D).  The  last  item,  elimination  of 
condenaed  solida  fron  the  exhaust,  is  dependent  upon  the  formulation  and  end 
use  approach. 

The  three  basic  approaches  to  producing  a sol  ids- free  exhaust  in  the 
fluorine  gas  generators  were  all  considered  in  the  course  of  the  selection 
process  conducted  in  this  program.  The  first  approach  follows  conventional 
gas  generator  technology  by  formulation  of  compositions  whose  products  are 
all  gaseous,  e.g.,  the  early  formulations  of  NF4BF4  with 
tetrafluoroethylene^i)  are' typical  of  this  approach.  This  type  of 
formulation  has  the  advantage  of  not  requiring  separation  of  condensed 
products  from  the  gas  phase  but  tends  to  produce  excessive  gaseous 
contaminant  levels.  The  second  approach  considered  in  the  program  is  an 
adaptation  of  the  well-established  chlorate  candle  technology^^)  to  develop 
formulations  that  produce  a sintered  solid  under  certain  definable 
conditions.  Previous  studies  have  shown  that,  provided  the  ratio  of  the 
liquld-to-solid  phases  is  controlled,  good  separation  of  gases  from  the 
condensed  phases  occurs.  A small  filtration  unit  normally  has  been  required 
to  remove  the  last  vestiges  of  condensed  particles.  Excessive  amounts  of  a 
liquid  phase  have  been  tound  to  cause  slumping  problems  on  scale-up. This 
second  type  of  generator  generally  provides  a lower  fluorine  yield,  based  on 
total  gas  generator  weight,  but  produces  a gaseous  product  with  a higher 
fluorine  content.  The  use  of  the  sintered  residue  approach  for  fluorine 
generators  has  been  reported  in  work  using  NF^SbFg^^^  and  NF4BF4^5).  'fhe 
third  approach  also  allows  formation  of  solid-  or  liquid-phase  combustion 
products  but  does  not  produce  a sintered  residue.  In  this  approach,  a 
second  aubsyscew  is  required  to  remove  the  condensed  products.  The 
complexity  of  this  oubsystem  is  dependent  upon  the  combustion  temperature  and 
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the  quantities  and  physical  characteristics  of  the  condensed,  and 

eondentable , combustion  products.  This  third  type  of  system  is  potentially 
adaptable  to  an  accumulator  approach  for  multipulse  operation. 

The  following  sections  present  Che  overall  approaches  taken  to  evaluate 
alternative  solid  reactants  for  fluorine  generators;  the  results  of  the 
theoretical,  experimental,  and  design  studies  based  on  the  selected 
approaches;  and  a discussion  of  the  results. 

TASK  1:  SCREENING  AND  SELECTION  OF  CANDIDATE  REACTANTS  AND  APPROACHES 

The  objective  of  this  task  was  to  survey  potential  fluorine  source 
candidate  reactants,  subject  these  candidates  to  a set  of  approved  screening 
criteria,  and  select  and  recommend  the  most  appropriate  reactants  for 
subsequent  testing.  A reactants  considered  list  was  prepared  to  summarize 
the  results  of  task  I.  A minimum  of  five  reactant  systems  was  selected  for 
consideration  in  the  testing  phase  (task  2)  which  follows  this  section. 

The  initial  step  in  the  screening  and  selection  process  consisted  of  a 
thorough  literature  search,  including  the  use  of  automated  information 
retrieval  services,  for  all  compounds  having  a potential  for  release  of  at 
least  a portion  of  their  fluorine  on  thermal  excitation.  This  literature 
search  resulted  in  identification  of  in  excess  of  60  candidate  compounds  for 
later  evaluation  in  the  program.  (Pertinent  literature  is  listed  in  the 
bibliography  as  references  6 through  45.) 

The  stability  of  a selected  set  of  gaseous  fluorides  was  evaluated  from 
thermodynamic  considerations  to  serve  as  a guideline  in  the  selection  of 
materials  which  possess  weakly  bound  fluorine  or  form  species  with  weak  bonds 
to  fluorine  and  therefore  decompose  readily.  The  equilibrium  decomposition 
temperature  for  these  specie s,  tabulated  in  table  1,  was  calculated  as  the 
temperature  at  «diich  log  Kp  was  approximately  sere. 

Temperature  limitations  were  imposed  on  the  evaluation  by  end-use 
application.  In  the  case  of  a DF  loser,  the  lower  limit  is  that  required  to 
dissociate  F2«  approximately  1300  K,  while  the  upper  limit  is  imposed  by 
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TABLE  1.  RELATIVE  STABILITY  OF  GASEOUS  SPECIES  CONTAUilNG  FLUORINE 


Species 


Decoaq>oaltio.i  Reaction 


DecosiposlClon 
Temperature,  (K) 


ClFj  ?2 
»2  -^02-^  3F2 


2NO2F- 


IF3  + F2 

«2  2O2  + F2 


CIF  + 


**2  3^2 

BrFj  + F2 

N2  + O2  + F2 


BrF  + F„ 


SF^+F2 


SO2F2 


802^2- 


IF3  + F2 

SO2  + F2 


PF3  + F2 

S + 2F^ 


2S  + O2  + 2F2 


PF  + F, 


>6000 


C + 2F, 


>6000 


2B  + 3F„ 


>6000 


2C  + O2  + 2F2 


>6000 


CI2  + F2 

Br2  + F2 


>6000 

>6000 


I + F 
2 2 


>6000 


2P  + F„ 


>6000 


Temperature  where 


log  K Is  near  zero. 
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noesle  procAttes  or  naterials  consideration  and  is  of  the  order  of  2300  K. 
Therefore,  those  species  whose  dissociation  occurs  at  temperatures  less  than 
2500  K will  have  the  most  utility  in  the  application,  whereas  those  species 
which  decompose  at  higher  temperatures  will  remain  Intact  at  operational 
temperatures  and  do  not  represent  sources  of  available  fluorine.  The 
emphasis  on  the  dissociation  of  species,  especially  into  F atoms,  arises  from 
the  energetics  of  the  DF  laser  system  which  cause  the  overall  system 
performance  to  suffer  if  even  the  energy  of  dissociation  for  F2  must  be 
supplied  internally. 

It  is  apparent  from  table  1 that  fluorine  bonded  to  nitrogen  is 
available,  since  all  nitrogen-bonded  species  (NOF3,  NOF,  NO2F,  and  NF3) 
decompose  below  the  operating  temperature  of  the  laser  combustor. 

Conversely,  boron,  phosphorus,  carbon,  and  sulfur  are  not  desirable  as 
fluorine  carriers  since  their  polyfluorides  are  stable  above  the  operating 
temperature.  Of  the  interhalogens,  chlorine  and  bromine  can  be  expected  to 
dissociate  to  the  monofluorides;  however,  iodine  clearly  would  result  in 
fonsation  of  IF3  as  a stable  product  gas.  The  relative  stability  of  the 
gaseous  fluorides  then  is  reflected  in  the  fluorine  yield  values  of  candidate 
reactants.  Armed  trith  this  information,  the  fluorine-containing  compounds 
collected  in  the  literature  review  were  subjected  to  a preliminary  screening 
to  eliminate  those  without  labile  fluorine.  A value  of  10  weight  percent 
available  fluorine  was  imposed  as  an  absolute  lower  limit  of  acceptability; 
however,  for  use  in  operational  systems,  a more  practical  value  of  20  weight 
percent  was  employed. 

Reactants  Considered  List 

The  reactants  considered  list  (RCL)  was  compiled  from  all  the  candidate 
materials  which  remained  after  the  preliminary  review.  In  addition,  several 
of  the  current  NF4'*'  candidates  were  included  for  compariaon  bringing  the  list 
to  a total  of  32  materials  to  be  evaluated.  The  RCL  was  subdivided  into  a 
set  of  five  tables  according  to  the  nature  of  the  properties  to  be  tabulated. 
The  various  tables,  the  data  contained  thereon,  and  the  basic  source  of 
information  are  summarized  in  table  2.  The  individual  tables  making  up  the 
RCL  are  compiled  in  appendix  A. 


REACTANTS  CONSIDERED  LIST 
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Re«ct«nt  Screening  Procedure 

The  ecreening  and  selection  process  initially  included  the  consideration 
of  three  approaches  to  the  reactant  systeas  based  on  the  nature  of  the 
products  of  the  generator.  The  first  produces  all  gas  products,  the  second 
produces  a condensed  phase  which  is  retained  as  a residue  and  an  easily 
filterable  gas,  while  the  thir<*  produces  a gas  with  a relatively  large 
fraction  of  condensed  phase  ar  entrained  or  formed  during  cooling. 

During  the  course  of  the  progrtus,  attention  was  directed  toward  the  second 
approach,  i.e.,  reactants  forming  a sintered  solid  and  a low  solids  content 


To  evaluate  the  relative  merits  of  the  candidate  reactants  and  reactant 
systems,  a set  of  ranking  criteria  and  weighting  factors  were  established. 
These  are  tabulated  in  table  3.  Five  categories  were  established  with  each 
major  category  subdivided  into  related  considerations. 


The  criteria  incorporated  those  factors  which  would  be  expected  to  lead 
to  a reasonably  priced  solid  reactant  system  capable  of  delivering  an 
adequate  supply  of  fluorine  gas  free  of  excess  contamination  and  with  a 
minimum  of  hasards  associated  with  its  manufacture  and  use.  A major 
consideration  was  the  available  fluorine  content,  initially  of  the  reactant 
itself  but  ultimately  of  the  reactant  system  which  will  produce  the  gas. 

This  overall  factor  was  given  a weight  of  25  out  of  a total  of  100,  divided 
10  points  for  the  reactant  fluorine  content  and  13  points  for  gas  generator 
fluorine  content.  The  acceptable  lower  limit  was  designated  as  20  weight 
percent  for  the  reactant  fluorine  content  and  as  10  weight  percent  for  the 
gas  generator  fluorine  content.  This  differential  was  established  to  account 
for  the  consumption  of  reactant  available  fluorine  by  fuels  incorporated  in 
the  candidate  formulations. 


The  availability  of  the  reactants  or  precursors  and  well-established 
synthesis  routes  were  important  considerations  related  to  the  cost  of  the 
constituents  of  the  gas  generator.  These  factors  were  combined  as  the  second 
major  criterion  with  a weighting  factor  of  20,  divided  equally  between 
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availability  and  coat>  No  definable  limit  waa  established  for  availability; 
a cost  limit  of  less  than  $10  per  gram  in  suall  scale  «as  taken  as  a 
guideline. 

Of  vital  concern  was  the  safety,  stability,  and  toxicity  of  the 
reactants,  the  processing  characteristics  of  the  reactant  system  and  its 
stability  as  a gas  generator.  The  third  criterion  of  stability,  toxicity, 
and  safety  waa  given  a weighting  factor  of  35,  the  greatest  weight  of  all 
criteria.  This  factor  was  subdivided  into  the  three  considerations  with 
safety  taking  the  predominant  portion.  This  weighting  was  est'jblished  based 
on  previous  safety  constraints  for  shipboard  operations.  The  acceptable 
lower  liaiit  of  reactant  stability  was  taken  as  50  C (122  F).  Reactants  were 
ruled  unacceptable  if  they  or  the  products  of  combustion  exhibited  a chronic 
toxicity.  A value  of  10  kg-cm  was  established  as  the  lower  acceptable  limit 
for  impact  sensitivity. 

The  degree  of  contamination  of  the  product  with  solid  particulate  matter 
or  fdth  deactiving  species  wuld  have  a major  impact  on  the  value  of 
candidate  reactant  systems  in  laser  applications.  This  criterion  was  given  a 
weighting  factor  of  IS;  however,  since  these  parameters  are  difficult  to 
define  before  test  operations,  this  criterion  had  little  effective  impact  on 
the  selection  process.  Similarly,  ignitability  of  the  reactant  system  was 
also  a factor  to  be  considered  in  the  system  selection  since  a 
self-sustaining  reaction  must  be  initiated;  however,  determination  of  this 
criterion  required  extensive  test  data,  not  available  on  many  reactants 
during  screening. 

The  procedure  used  for  the  selection  of  the  candidate  reactants  for 
ranking  involved  classification  of  the  reactants  as  to  acceptability  in 
meeting  the  minimum  requirements  and  those  that  were  unacceptable  on  one 
basis  or  another.  This  classification  is  shown  in  table  4 for  the  32 
candidates.  This  tabulation  was  taken  from  the  reactants  considered  list 
(appendix  A)  where  the  basis  for  the  lack  of  acceptability  is  noted  as  an  X 
on  the  RCL  tables  and,  similarly,  on  the  classification  of  reactants  table. 
Those  factors  denoted  by  a parenthesized  X were  deemed  marginal  but  this 
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TABLE  4.  CLASSIFICATION  OF  REAI 
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42,43 


clctiification  did  not  eliainate  that  reactant  from  eonaideration.  The  final 
coltnn  in  table  4 depict*  the  state  of  acceptability  %dtich  was  used  as  the 
guideline  in  elinination  of  candidate  reactants  from  arther  consideration. 


After  elimination  of  the  candidates  which  were  found  unacceptable  under 
any  of  the  criteria,  the  remainder  were  compiled  for  rating  according  to  the 
criteria  discussed  earlier,  the  rating  for  each  criterion  was  from  0 to  the 
maxisiuBi  value  of  the  weighting  factor.  Although  the  rating  of  each  reactant 
or  system  within  each  of  the  criteria  was  subjective,  the  rating  was  derived 
by  comparison  with  the  other  candidates.  The  summation  of  the  ranking 
criterion  values  led  to  a score  for  each  candidate  and  a subsequent  ordering 
and  identiiication  of  the  most  promising  of  the  candidates. 

The  reactants,  their  ratings  in  the  various  areas,  and  their  ciasulstive 
ratings  are  shown  in  table  5.  The  candidates  are  arranged  in  order  of  their 
cumulative  ratings.  Reactants  currently  under  investigation  were  also 
included  for  comparison  purposes.  The  reactants  NF4BF^  and  LiMiFj  were 
considered  marginal  because  of  a low  rating  in  the  area  of  availability  and 
cost  for  the  former  and  fluorine  content  for  the  latter. 


The  fluorine  content  rating*  were  made  based  on  a rating  value- fluorine 
content  correlation  plot.  This  plot  gave  the  highest  rating  of  25  to 
reactants  having  40  weight  percent  fluorine  or  greater,  and  a rating  of  0 for 
compounds  having  IS  weight  percent  fluorine  or  less.  The  cost  factor  was 
also  derived  from  a rating  value-cost  correlation  plot  with  the  highest  value 
(20)  allotted  to  reactants  with  costs  of  $30/lb  or  less  in  10,000-lb  lots. 

The  other  factors  were  defined  more  subjectively.  The  stability-safety 
criterion  was  based  primarily  on  cumulative  toxicity  which  downrated  the 
antimony  compounds  and  upon  overall  stability,  a factor  that  influenced  the 
low  rating*  for  XeF2  and  C1F30*BF3. 

The  total  ratings,  based  on  a maximum  value  of  100,  ranged  from  28  to 
79.  With  the  uncertainties  inherent  in  such  ratings,  the  first  seven 
reactants  can  be  considered  essentially  equivalent  in  value. 
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TABLE  5 . REACTAMT  RATING  AMD  RANKING 


Theoretical  Analyaii  of  Reactant  Systems 

In  addition  to  the  theoretical  equilibritas  calculatione  perfomed  tor 
each  reactant  to  determine  the  degree  of  dissociation  at  fixed  temperature 
levels  (which  provided  the  input  for  table  A-1  in  appendix  Al»  theoretical 
equilibrium  calculations  were  also  performed  for  reactant  systems  combining 
the  candidate  reactants  with  various  fuels.  These  calculations  yielded  the 
theoretical  flaae  temperature  and  combustion  product  composition  as  a 
function  of  formulation  composition*  thereby  providing  a eonve.iient  means  of 
comparing  the  potential  oi  the  candidates.  It  must  be  recognised*  of  course, 
that  these  calculations  arc  only  as  valid  as  the  thermodynamic  data 
available.  For  those  candidates  that  reached  this  stage  of  evaluation,  only 
those  systems  containing  manganese  suffered  from  a relatively  high 
uncertainty  owing  to  the  lack  of  currant  data  for  manganese  species.  All 
others  are  covered  by  the  JANNAF  Themochemical  Data  Tables. 

The  results  of  these  calculations  are  summarized  in  table  6 which 
tabulates  the  weight  percent  fluorine  available  as  F,  F2*  or  NF3.  The 
reactant  candidates  were  all  evaluated  initially  with  two  fuels,  Si3N4  and 
Mg3N2.  The  fluorine  yield  from  all  reagents  except  (N0)2MnFg  was  found  to  be 
equal  to  or  greater  than  10  percent  by  weight  with  either  one  or  both  fuels. 
This  result  led  to  the  early  elimination  of  (NO)2HnFg  as  a viable  candidate. 

The  question  of  the  d,egree  of  degradation  of  fluorine  yield  as  the 
result  of  the  use  of  polytetrafluoroethylene  as  a combination  fuel  and  binder 
led  to  the  next  series  of  calculations.  Here  it  was  found  that  all  of  the 
reactant  candidates  except  KCIF4  and  LiMnF3  experienced  considerable 
reduction  in  fluorine  yield.  KCIF4  and  LiHnF3,  even  with  the  reduction  in 
yield*  net  or  essentially  met  the  goal  of  10  percent  fluorine  by  weight.  In 
these  instances,  the  fluorocarbon  could  be  effectively  used  as  a processing 
aid  in  the  formulation  of  gat  generator  grains. 

The  effect  of  incomplete  conversion  in  the  preparation  of  reactants 
KBrFg  and  KCIF4  on  the  resultant  fluorine  yield  was  evaluated.  This 
evaluation  was  made  because  e^rly  liteiature  references  showed  incomplete 
conversions  to  the  products  with  some  unconverted  KF  present.  However, 
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TABLE  6.  MAXIMUM  CALCULATED  FLUORINE  YIELD  CC^IPOSITIONS 


Weight 


System 

No. 

Rcsctsnt 

Resctant 

Weight 

Percent 

Fuel 

Fuel 

Weight 

Percent 

Flame 

Temperature, 

(K) 

Percent 
Fluorine 
<F,  F2.NF3) 

2311 

(NOjMnFg 

93,00 

SI3N4 

7.00 

1177 

5.41 

2314 

NOBrF^ 

90.00 

10.00 

1588 

9.91 

2316 

KBrF^ 

89.00 

11.00 

1629 

10,50 

2317 

KCIF^ 

94.00 

6.00 

1126 

13.67 

2321 

LlMnFj 

95.00 

5.00 

1395 

3.34 

2325 

(N0)2MnPg 

91,00 

MgjNj 

9.00 

1350 

8,77 

2324 

NOBrF^ 

88.00 

Mg3N2 

12.00 

1700 

12. 7( 

2326 

KBrFg 

88.00 

M83N2 

12.00 

1605 

13.51 

2327 

KCIF^ 

94.00 

Mg3N2 

6.00 

1101 

16.44 

2372 

LiMnFj 

99.00 

««3«2 

1.00 

921 

10.86 

2344 

KMnFj 

99,00 

M83N2 

1.00 

483 

8.82 

2343 

KBrF|-KF 

88.00 

%^2 

12.00 

1629 

12.60 

2342 

KCIF4-KF 

(95/5) 

95.00 

M83N2 

5.00 

980 

15.42 

2335 

(NOjMnFg 

80.00 

<V4>n 

20.00 

1251 

2.28 

2018 

NOBrF^ 

75.00 

25.00 

1622 

3.80 

2334 

KBtFe 

75.00 

25.00 

1521 

4.51 

2333 

KCIF^ 

75.00 

<V4>n 

25.00 

1040 

9.49 

2336 

LiMnFj 

99.00 

<^2^4>n 

1.00 

752 

11.23 

2349 

KCIF^ 

88.00 

NaN3 

12.00 

877 

16.62 

2350 

LiMnF^ 

99.00 

NaNj 

1.00 

791 

11.70 

2354 

KCIP^ 

95.00 

AIN 

5.00 

1024 

15.93 

2355 

LlMnF^ 

99.00 

AIN 

1.00 

930 

10.60 

2359 

KCIF^ 

97.00 

A1 

3.00 

1104 

17.58 

2361 

LiMnF^ 

99.00 

A1 

1.00 

107° 

9.87 

2385 

LlMnF. 

99.00 

Mg 

1.00 

1030 

10.42 

! 

i 

j 

-i 
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current  experience  had  led  to  the  conctueion  that  conversions  of  95  percent 
or  higher  could  be  expected  under  carefully  conducted  synthesis  conditions. 
The  theoretical  calculations  were  therefore  conducted  with  the  appropriate 
level  of  KF  contaminant.  Tiie  calculated  fluorine  yield  exhibited  an  almost 
linear  dependence  on  contamination  level  in  this  range  with  approximately  a 5 
percent  reduction  in  fluorine  yield. 

An  alternative  pentafluoromanganate  salt»  IQhiPj,  was  also  evaluated  with 
Mg3N^.  As  anticipated,  the  increase  in  formula  weight  resulting  from  the 
replacement  of  lithium  by  potassium  reduced  the  fluorine  yield 
proportionately.  Consequently,  this  reactant  was  not  considered  further. 

Both  LiMbF5  and  KCIF4  were  evaluated  using  NaN3,  AIM,  and  A1  as  common 
fuels.  In  all  cases,  the  goal  of  10  percent  fluorine  by  weight  was  met  or 
essentielly  met  with  considerably  better  yield  derived  from  KCIF4.  LiHnF5 
was  evaluated  with  magnesium  in  addition  and  met  the  minimum  goal 
requirement.  The  compositions  giving  the  highest  fluorine  yield  with  Lil4nF3 
in  these  instances  fell  in  the  very  iow  fuel  range,  approximately  1 percent 
or  lower. 

The  more  complete  summaries  of  the  theoretical  calculations  from  which 
table  6 was  digested  are  collected  in  appendix  B.  These  tables  list,  in 
addition  to  the  parameters  already  specified,  the  concentrations  of  all 
products  of  any  consequence,  boch  condensed  and  gaseou^. 

Based  on  the  foregoing  analysis  of  candidate  reactants  and  reactant 
systems,  a series  of  five  reactants  were  selected  for  experimental  evaluation 
in  the  task  2 efforts.  These  compounds,  listed  in  the  order  presented  in 
task  2,  are:  N0BrF4,  (NOl2MnFj,  KBrFg,  KCIF4,  and  LiMnFs.  With  the 

exception  of  the  last  reactant,  the  other  cowpound&  met  all  criteria 
discussed  previously  based  on  information  available  at  the  time  of  selection. 
As  discussed  in  the  conclusion  section  of  this  report,  the  influence  of 
contaminating  species  significantly  altered  the  acceptability  of  these 
reactants. 
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wat  included  as  a candidate  because  It  repreMnted  the  only 
reactant  that  could  provide  eaaentially  pure  fluoriue  upon  decomposition, 
this  factor  ues  deemed  sufficiently  important  to  permit  relaxation  of  the 
available  fluorine  content  rostralat  for  this  reactant. 

TASK  2i  CHARACTERIZATION  AND  TESTING  OF  SELECTED  CANDIDATE  REACTANT  SYSTEMS 

The  objective  of  this  task  was  to  evaluate  the  stability,  ignltability, 
combustion,  and  exhaust  properties  of  the  candidate  reactant  systems  selected 
on  the, basis  of  the  task  1 efforts. 

The  experimental  wrk  performed  toward  achieving  this  objective  was 
conducted  in  five  successive  stages:  (1)  synthesis  of  the  candidate  reactant 

in  quantities  sufficient  for  subsequent  evaluations;  (2)  testing  and  rating 
of  a broad  spectrum  of  reectant-fuel  systems  for  exothermic  reactivity  at 
elevated  temperatures;  (3)  evaluating  the  compatibility  and  sensitivity  of 
the  reactants  with  fuels  selected  to  introduce  the  least  possible  amount  of 
contaminating  gas  products;  (4)  performing  small-scale  atmospheric  pressure 
ignition  and  combustion  tests  on  the  reactant-fuel  systems;  and  (5)  pressing 
gas  generator  grains  and  evaluating  their  combustion  in  a motor  at  elevated 
pressures  to  determine  pressure-burning  rate  data  and  flasie  temperature,  and 
to  analyse  the  gaseous  combustion  products  to  establish  the  extent  of 
generation  of  fluorine  gas. 

The  experimental  procedures  used  throughout  task  2 investigations  were 
essentially  equivalent  for  eacn  of  the  candidate  reactants.  Consequently, 
these  procedures  are  described  in  the  section  which  follows  and  the 
experiaMntal  results  achieved  using  these  various  procedures  are  subsequently 
set  forth  individually  for  each  of  the  five  selected  reactants. 

Experimental  Procedures 

All  of  the  fluorine  compounds  used  for  synthesis  of  the  reactants  and 
most  of  the  fuels  employed  in  this  program  were  obtained  from  two  sources, 
Ozark-Mahoning  Company  and  Alfa-Ventron  Company.  The  chemicals  were  used 
as-received  and  cpened  only  in  the  dry  box  or  to  a vacuum  system. 
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All  fluorine  reactant  ayntheaes  were  conducted  employing  Che  all-metal 
vacuum  ayatiM  illuatrated  in  figure  1.  Two  nickel  reactora  of  ISO-ml 
capacity  and  one  atainleaa  ateel  reactor  of  60-ml  capacity  were  uaed  for  the 
ayntheaia  work.  The  apecific  ayntheaia  procedurea  employed  for  each  reactant 
aynthealaed  are  deacribed  in  the  aectiona  devoted  to  the  reaulta  obtained 
with  the  reactanta. 

Wet  chemical  analyaea  on  fl^rine-containing  oxidizera  were  made  in  part 
by  (^Ibraith  Laboratprieai  Ine.  of  Knoxvile,  Tenn.  X-ray  (Debye-Sherrer 
powder  pattern)  analyaea  were  made  by  Analex  of  Palo  AlCo«  CA. , and  nuclear 
activation  analyaea  were  made  by  General  Activation  Analyaia,  Inc.  of  San 
Diego,  CA.  Kaaa  apectrographic  analyaia  on  gaa  producta  waa  made  by 
Ultracham  Corporation  of  Walnut  Creek,  CA. 

Since  all  of  the  fluorinated  reactanta  and  aome  of  the  fuela  employed  in 
thia  progrma  were  aenaitive  to  decompoaition  by  moiature  to  aome  degree,  they 
were  handled  entirely  in  an  inert  ataoaphere  of  dry  nitrogen.  A "Dri-Lab" 
inert  ataoaphere  chamber,  manufactured  by  D.  L.  Herring  Corporation,  w«a 
employed  foi  precticaily  all  tranafer  operationa. 

Differential  thentel  analyaia  teata  (DTA)  were  made  uaing  10-  to  IS-mg 
aamplea  of  the  dry  gaa  generator  mixturea  under  a nitrogen  etmoaphere  in  a 
0.9-in. -diameter  by  1.5-in. -long  alumimo  block  heated  by  an  80-watt  ITT 
Vulcan  heating  probe  which  produced  e heating  rate  of  30  to  40  C/min.  The 
absolute  values  and  differential  temperatures  were  recorded  uaing  a two-pen 
atrip  chart  recorder.  From  analysis  of  the  charts,  the  relative  values  of 
the  autoignition  temperatures  and  the  magnitude  of  the  associated  exothermic 
energies  %fere  determined.  In  addition,  the  presence  of  endothermic  melting 
occurring  before  attaining  the  autoignition  temperature  could  be  detected. 

Due  to  the  reactive  nature  of  the  fluorinated  reactants  employed,  the  samples 
tmre  tested  in  both  glass  and  stainless  steel  sample  tubes  to  eliminate  any 
possible  oxidizer- glass  exotherms. 


BrF-qilIndBr 


ISO-ml  nicM  itador 


gas  inlet 


friction  toctor.  Th«  footer  wee  pieced  in  a lerge  plastic  bag  and  flushed 

«itli.^JAcf(«B,:r^til,;^li<c;:;^r«lativsi;rbi«idity^M 

stwtiaf'’ tiit  j^V  siiplei^'wsM  ^ 

;.70 ' f t-ibl  .COrk-^appliW  : -r  is-  --r-T-r;-- ^ f - 


J^^'1lievBtr8f^-preaisiiig^;iC»ctaat.rdysti«'--«tihdidltas'‘'fflir^^f  jas' 

^gM^ijMrsi^;iilt«i;;d^octi^r^^  iiP' 

ignitjUm^  fcraeai^  tepts^^;^^  aboyc^  fta  fo^ulati^^ 

itibcyd  ind  firing  in  a sisall  test  Ji^fw. 

The  grcin  eaM«  iire  cbnit^  stainlass  steai  tiibinig  1*92  in.  long 

having  an  internal  dianntar  of  0.9  in.  FOur  pressings  of  equal  anounts  of 
the  thoroughly  nixed  dry  reactant-fuel  eonpositiM_Mre  iiade  per  grain.  A 
force  of  2000  lb  (3000  psi)  Mia  applied  igith  each  pre^^  using  a stainless 
steel  punch  and  an  RC-55  Enerpec  5-ton  hydraulic  cylinder.  The  entire 
bperation  uea  conducted -in  a dry  box- under  constant  nitr^en  flush.  ; n 
suair  test  notor  essenbiy  is  show  in  figures  3 and  4.  The  naterial  of 
conatruBtion  uns  stainless  steel  with  Teflon  0-ring  seals.  The  assembly 
consisted  of  tie  rode,  transducer  and  thermocouple  attachment  tee,  solid 
spacer,  grein  case,  end  closures  (with  a nichrome  wire  igniter  sealed  through 
one  end  closure},  motor  body,  and  steel  noasle  and  holder  attachment.  The 
pressures  developed  in  the  motor  were  determined  with  a 0-  to  1000-psia-rangs 
Stathan  transducer,  to  which  was  attachad  a 1000-psig  rupture  disc  assembly. 
The  transducer  was  attached  to  a 5-124  CEC  recording  oscillograph  operated  at 
a chart  speed  of  *25  in. /see.  The  chamber  pressure  wes  varied  from  14.7  to 
500  psia  by  variations  in  the  nossle  diameter.  Tbs  exhaust  line  from  the 
motor  was  provided  with  gas  sampling  takeotf  and  vacuum. 


Experimental  Basults 

For  the  task  2 evaluation,  the  five  reactants  selected  from  the  task  1 
studies  ware  (1}  nitrosoniun  tetrafluorobr ornate,  N0BrF4;  (2)  nitroaonium 
hexaf luoromanganate , (M0)2MnFg;  (3)  potassium  hexafluorobromate,  KBrFg;  (4) 
potassiun  tetrafluorochlorate,  KCIF4;  and  (5)  lithium  pentaf luoromanganate, 
LiMaF3.  The  synthesis,  DTA,  ignition  and  combustion  studies,  haserd 
evaluation,  and  small  motor  test  results  are  consolidated  for  each  reactant 
in  the  subsections  which  follow. 
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Figure  4.  Smell  Teet  Motor  > Exploded  View 


Hltroeonium  Tetrefluorobromete  - The  compound  NOBrF^  is  well-chareeterlzed 
end  exhibits  edequete  etebility  ee  e reectent  for  e fluorine  gee  generetor. 
The  reectent  is  eetily  synthesised  pure  by  condensation  of  HOF  with  BrF3^2^^, 
both  of  these  precursors  being  readily  available.  For  this  program,  this 
synthesis  method  was  employed.  Bromine  trttluorlde  was  placed  in  a nickel 
reactor  by  a vacuum-gravity  technique  and  a slight  stoichiometric  excess  of 
HOF  was  added  by  vacuum  distillation.  A total  of  32.3  g of  NOBrF^  was 
prepared  with  a 96.6  percent  conversion  as  shown  in  table  7.  DTA  tests 
showed  that  N0BrF4  decomposed  at  180  C with  a large  endothermic  heat  of 
dissociation. 

During  preparation  of  candidate  reactant  systems  for  DTA  tests, 
spontaneous  ignition  occurred  upon  mixing  NOBrF4  with  B,  Si3N4,  S,  or  BN.  On 
the  other  hand,  tetrafluoroethylene,  MB3N2,  Kel-F,  Al,  Mg,  and  NaN3  were 
suitably  compatible  to  permit  mixing  and  DTA  results  were  obtained  as  shown 
in  table  8.  The  NaN3/H0BrF4  composition  r.ave  an  exothermic  reaction  at 
102  C,  which  is  considered  marginal  for  a safe  gas  generator  system. 

[ 

I 
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TABLE  7.  FREPABAXXOM  AND  PROPERTIES  OF  NOBrF^  REACTANT  SYSTEMS 


Pr*p4r«tloa  of  lK>BrF^ 

Prop*  MOF,  HOF,  ®*'*^3*  BrFj/NOF  • Reaction  Converalon, 

Ho.  ' (g)  (■olos)  (g;  (aoles)  (aole* ratio)  Temp.  (C).  (parcant) 

1 8.986  4^  ^^.667  , .180  .984^  201  96.8  ^ 

Inpact  and  Friction  Sanaltlvlty  Taats  of  NOBrF^  and  Mg^N, 


Teet-- 

No. 

Fuel 

Fuel, 

(weight  percent) 

N0BrF4i  ' 
(weight  percent) 

Iiq>aet 
Sensitivity , 
(kg-cm) 

Friction 

Sensitivity* 

" a 

1 

13.5 

86.5 

7.6 

- 

• 

2 

MB3M2 

10.1 

89.9 

• 

no  eeneiclvlty 

^Diamond  grit  at 

70  ft-lb. 

- - 

Tha  N0BrF4/Mg3N2  raactant:  ayatam  waa  aelactad  for  atmoapheric  preaaure 
ignition-eonbuatlon  taating.  Ignition  waa  obaarvad  to  occur  readily  with  an 
87  weight  percent  N0BrF4  compoaition»  combuation  waa  complete > and  the 
burning  rata  waa  moderate  in  a tamped  powder  configuration.  Impact  and 
friction  taata  were  made  on  thia  compoaition;  the  mixture  waa  found  to  be 
very  lmpeet>aenaitlve  but  not  frietion-aenaitlve»  aa  ahown  in  table  7. 


Work  on  NOBrF^  waa  not  continued  in  light  of  the  potential  detrimental 
effecta  of  BrF  and  NOF  on  deactivation  and  the  high  reactivity  of  N0BrF4  with 
fuela  obaerved  during  the  early  exploratory  teata  deacribed  above. 

Nitroaonium  Hexafluoromanganate  - The  compound  (NO)2^f6  baa  been  reported  to 
have  aufficient  atability  to  be  conaldered  aa  a reactant  for  fluorine  gaa 
generation.  For  preliminary  acreening  atudiea,  the  compound  wea  ayntheaixed 
by  the  procedure  of  Bouy^^O)  by  reaction  of  M1F3  and  NOF  in  a large  exceaa  of 
BrF3  at  100  C.  Tha  exceaa  BrF3  wea  aubaequently  removed  at  120  to  150  C. 

The  converaion,  noted  aa  alightly  greater  than  100  percent,  waa  probably  a 
reault  of  the  preaence  of  N0BrF4  produced  from  a alight  atoichiometric  exceaa 
of  NOF  introduced  into  the  reactor.  DfA  of  the  (N0)2MnFb  reaction  product 


TABLE  8.  DTA  OF  MOBrF^  AND  VARIOUS  FUELS 


Teat 

>0. 

Vuel 

Fuel 

Weight  Fexeant 

II0BrF4, 

(wol^t  percent) 

Endotherma , Exotherme » 
(C)  (C) 

1 

Hone 

100 

IT?* 

(C2F4)n 

90.1 

190a 

3 

B 

- 

me 

Spontanepua  Ignition 

on  mixing 



10.7 

89.3 

200m  83e 

Sporadic  ignition  on 
mixing 

5 

M83H2 

24.5 

75.5 

176a 

6 

Kal-F 

10.6 

89.4 

179a 

7 

8 

- 

Spontaneoua  ignition 
on  mixing 

8 

A1 

10.1 

89.9 

179a 

9 

Mg 

10.6 

89.4 

171e 

10 

Hellj 

10.6 

89.4 

157m-w  102a 

11 

BM 

- 

- 

6aa  evolution  on  mixing 

NOIB}  a 

• atrong. 

a ■ medltn,  v 

weak 

thowtd  no  ttndtney  for  docompotition  below  200  C (eee  table  9).  Iheae  data 
thereby  confin  the  reported  atability  of  the  compound. 

Mixturea  of  (NO)2MnFg  and  aeleeted  fuela  were  made  to  provide 
preliminary  DTA  date.  Aa  ahown  In  table  9»  the  materia'',  waa  found  to  be 
compatible  with  every  fuel  teated.  Including  fuela  that  reaulted  In 
apontaneoua  Ignition  with  NOBrF^.  DTA  reaulta  ahotmd  moat  fuela  with 
(!IO)2MnF^  gave  only  endotherma  at  temperaturea  of  200  C or  below  (e.g.» 
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TAIU  9.  m OF  (lK»  2Mxr^  AND  VAUOOS  FUELS 


Test 

Ho.^ 

Fuel 

Fuel 

Percent. 

(M0)2llaF6, 
(wel^t  percent) 

EndothexBB^ 

(C) 

Bxotbei 

(C) 

1 

Nom 

100.0 

2OOVW,  303|f 

290w 

2 

<C2F4)n 

■ • ■ 9.0 

91.0 

200w,  300i« 

284w 

3 

A1 

8.8 

91.2 

200w,  300wn 

254w. 

287w 

4 

B 

9.7 

90.3 

SB 

97wa, 

138ve 

5 

ME 

10.5 

89.5 

200w,  298a 

287w 

6 

s 

10.1 

89.9 

195w,  271a 

- 

7 

NaN3 

11.2 

88.8 

127s 

8 

9.8 

90.2 

200w,  300a 

287VW 

NOTE: 

vs  very  strong,  a - strong 

B Boderate,  « 

• weak, 

w m vary  waak 


perfluoroathylana,  aluainun,  aulfur,  and  magnaaiua  niizrlda).  Exotheroia  at 
comparatlvaly  low  taaperaturea  vara  obaarved  with  boron  (100  C)  and  NaN^ 

(127  C);  aagnaaiuB  ahowad  a hlghar  axothara  at  287  C. 

Bacauae  oJ  the  reduced  fluorine  lavela  calculated  for  reactant  ayatema 
employing  (N0l2MnFg,  no  further  work  waa  conducted  with  (NO)2^^6’ 

Potaaaiua  Hexafluorobroaate  - The  coupound  KBrFg  haa  previoualy  been  ahotm  to 
be  a thermally  atable  material  exhibiting  high  reactivity  character is tic a 
will;  fuels. 


For  this  work*  KBrF^  waa  prepared  from  KF  and  BrP3  according  to  the 
procedure  described  by  MacLaren  et  al.^21)  An  exceae  of  RrP5  waa  vacuum 
distilled  onto  KF  in  a nickel  reactor  and  this  mixture  waa  heated  to  100  C 
for  several  hours.  The  unreacted  3:85  was  subsequently  removed  by  vacuum 
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distillttioa.  Five  preperatione  o£  KBrF^  were  made  ae  shown  in  table  10.  As 
previously  reported » it  wes  found  that  the  conversion  to  KBrFg  ms  about  80 
percent  end  independent  of  the  reaction  tine  and  amount  of  excess  BrP5.  To 
inprove  the  conversion  of  KF  to  KBrFg,  the  reaction  product  from  preparation 
3 wfs  rspoyed  fron  the  reactor,  pulverised,  and  returned  to  the  reactor  with 
additional  8rF5.  The  conversion  increased  fron  the  80  percent  level  to 
appfdxiaately  95  percent  by  this  treatment. 

KBrF^  is  thermally  stable  to  about  200  C as  shown  by  the  DTA  results  in 
table  11.  With  fuels,  however,  the  compound  was  tound  to  react  at  much  loMr 
temperatures.  As  with  N0BrF4,  KBrFg  reacted  spontaneously  when  mixed  with 
boron.  With  81384  and  Si02,  exotherms  were  measured  at  temperatures  of  130 
to  160  C.  Mo  exotherms  to  the  naximun  experimental  temperature  of  500  C were 
observed  with  perfluoroethylene  or  H83H2. 

bspact  and  friction  tests  were  made  on  a 92  weight  percent  KBrPg/8 
Might  percent  Mg3M2  composition  and  the  impact  sensitivity  was  measured  to 
be  15  k^cm  with  no  measurable  friction  sensitivity.  These  results  indicate 
that  DrFg  systems  are  safer  to  handle  than  the  equivalent  N0BrF4  systems. 

Ac  atmospheric  pressure  ignition  and  combustion  test  ms  conducted  with 
a tamped  mixture  of  89.6  weight  percent  KBrFg  and  10.4  weight  percent  Hg3N2. 
Ignition  occurred  readily,  and  the  composition  burned  completely  with  a low 
burning  rate. 

A total  of  five  grains  of  betMen  16  and  24  g each  with  the  approximate 
composition  of  90  Might  percent  KBrFg/10  Might  percent  Mg3N2  were  prepared 
by  pressing  at  a nominal  pressure  of  3000  psi  giving  an  average  grain  density 
of  2.21  g/cc.  The  test  data  obtained  fron  these  grains  are  summarised  in 
Cable  12.  One  grain  ms  fired  in  Che  atmospheric  pressure  test  apparatus  and 
the  other  four  Mre  tested  in  the  small  test  motor.  The  fleae  temperature 
measured  by  a thermocouple  in  the  test  grain  at  1 atm  varied  from  1143  to 
1403  K.  Plugging  of  the  mtor  nozsle  with  melted  and  resolidified  igniter 
wire  particles  was  a problem  in  two  ot  the  tests.  This  problem  was  overcome 
by  employing  an  oversized  nozzle  and  maintaining  a constant  nitrogen  flow  to 
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TABLE  10.  PREPARATION  OF  KBrF, 


Prep. 

No. 

KF, 

(g> 

KF, 

(moles) 

BrFe, 

(gJ 

BrPs, 

(moles) 

BrFs/KF, 
(mole  ratio) 

Reaction 
Temp . , (C) 

Conversion, 

(percent) 

1 

4.832 

.0832 

20.55 

.117 

1.41 

100 

71.5 

2 

20.945 

.360 

105.7 

.604 

1.68 

135 

84.5 

3 

19.460 

.335 

105.4 

.603 

1.80 

135 

82.1 

4 

28.088 

.483 

101.4 

.580 

1.20 

135 

81.5 

5 

25.297 

.435 

103.6 

.592 

1.36 

135 

79.4 

6 

a 

(75.710g) 

58.7 

.336 

- 

135 

94.5 

Product  from  reaction  No.  5. 


TABLE  11.  DTA  OF  KBrF^  AND  VARIOUS  FUELS 


Fuel  KBrFg, 

Weight  Percent  (weight  percent) 


Endothems,  Exotherms, 
(C)  (C) 


1 

- 

- 

100 

190w,  292w 

. 

--  1 

1 

' 

2 

(C2F4)n 

9.5 

90.5 

190w,  292w 

,1 

f 3 

B 

- 

- 

Spontaneous  ignition 
mixing 

on 

« 

4 

S13N4 

9.6 

90.4 

130  vs 

(flame) 

• ■; 

• : 

5 

MgiNg 

12.5 

87.5 

184vw,  279vw 

.! 

t 6 

SiOj 

10.3 

89.7 

161m 

‘ 1 

'1 

7 

SI3N4 

5.0 

95.0 

135s 

i 

8 

Si3\ 

1.0 

99.0 

186vw,  287vs 

) 

NOTE: 

VB  « very 

strong,  8 “ strong. 

m ■ medium. 

w ■ weak,  vw  - very  weak 

1 

1 

^ - - 
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TABLE  12.  GBAIM  C0KBU8T1ON  TESTS  OF  EBrF^  AND  Mg ^2 


Grain  Gram  Grain  Burning 

Taat  Fuel.  EBrFg,  Weight*  Length*  Penalty*  Rate* 

Ner  Fuel  T Welgh^^  (weight  percent)  (g)  (In.)  (g/cc)  (in./aec)  i 

1 MgjNj  10.2  89,0  16,W  .74  2.16^^  r 

Teat  preaauret  14.7  pala  - conbjtftlcm  complete  - apma 
liquefaction  during  oonibuatlon 

2 ' 90.5  ~ 2^467  .98  ^ 

Combustion  complete  - no  pressure  measurement-  residue t 64. 6X 

3 Mg3M2  10.0  90.0  21.967  .95  2.23 

Ignition  spike  - 1000-psl  rupture  disk  relieved 

4 Mg^2  23.737  1.02  2.24 

Malted  ignition  wire  plugged  nozzle  - 1000-psl  rupture  disk  relieved 

5 Mg^N2  10.4  89.6  23.694  1.01  2.25  .05 

Nitrogen  flow  permitted  use  of  oversize  nozzle  - N2  pressure:  63-psla- 

F2  pressure:  127*psia  max. 

provide  a pressure  level  in  the  motor  before  and  during  combustion.  Nsasured 
burning  rates  were  comparatively  low,  .03  in. /sec  at  14.7  psia  and 
.05  in. /sec  at  approximately  100  psia. 

From  these  tests,  it  appeared  that  this  solid  reactant  system  could  be 
successfully  developed.  However,  efforts  on  the  KBrFg  system  were 
discontinued  during  the  task  2 portion  of  the  program  because  of  the 
uncertainties  ot  the  influence  of  the  combustion  product,  BrF,  on  laser 
performance. 

Potassium  Tetraf luorochlorate  - The  preparation  and  identification  of  KCIF4  3 

has  been  reported;  however,  information  on  the  physical  and  chemical  j 

properties  of  this  compound  is  limited. 

For  the  investigations  in  this  program,  KCIF4  was  prepared  from  KF  and 


35 


] 


f 


CIF3  according  to  the  procedure  deocrlbed  by  MecLeren  et  A aeriea  of 

eight  ayntheaea  was  conducted  to  prepare  aufflcient  material  for  teat 
evaluation.  The  experimental  conditions  are  given  in  table  13.  A total  of 
547  g was  prepared  with  purities  ranging  from  92.8  to  98.5  percent.  The 
lowest  conversion  was  obtained  iu  preparation  No.  2,  whereby  a stoichiometric 
quantity  of  CIF3  was  added  to  the  KF.  In  ..11  other  preparations,  excess 
CIF3  was  used  and  subsequently  removed  by  vacuum  distillation. 

DTA  tests  of  XC1F4  showed  some  endothermic  activity  at  97  to  100  C which 
is  most  likely  melting.  The  higher  endotherms  at  230  to  240  C are  consistent 
with  the  decomposition  temperature  reported  i.i  the  literature. 

An  extensive  number  of  fuels  with  KCIF4  were  examined  by  DTA,  as  shown 
in  table  14.  With  boron,  Ll3N,  and  Ca3N2*  ignition  between  KCIF4  and  the 
fuels  occurred  on  mixing.  Low  temperature  exotherms  were  observed  with 
sulfur,  BN,  and  NaN3.  Of  the  nitrides,  only  Mg3N2  8ho%»ed  stability  above 
200  C.  Compared  to  Che  previous  reactants,  che  reactivity  of  KCIF4  appeared 
less  than  either  NOBrF^  or  KBrFg. 

An  atmospheric  pressure  ignition  and  conbtistion  test  was  made  with  an 
88,5  weight  percent  KCIF4/II.5  weight  percent  MgjNy  mixture.  Incomplete 
combustion  was  obtained  with  the  tamped  powder  tdiich  might  be  expected  from 
the  weak  exothermic  reactivity  recorded  by  DTA.  On  the  other  hand,  a tamped 
mixture  of  89.9  weight  percent  KCIF4/IO.I  weight  percent  NaN3  ignited  easily, 
had  a reasonable  burning  rate,  and  burned  completely. 


The  impact  and  friction  sensitivities  of  KCIF4  with  the  most  promising 
fuels  were  evaluated  and  the  results  are  listed  in  table  IS.  The  candidate 
KCIF4  reactant  systems  are  all  safe  to  handle  according  to  these  results 
the  proper  precautions  are  taken.  The  impact  sensitivities  for  the  reactants 
appear  Co  correlate  with  their  reactivity  with  the  fuels  in  that  the  impact 
sensitivities  decrease  in  the  order:  NOBrFg  > KBrFg  > KCIF4. 

A total  of  16  pressed  grains  were  prepared  from  various  compositions  of 
KCIF4  and  fuels  using  a compaction  pressure  of  3000  psi.  One  grain,  prepared 
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,‘'7. 

^ - 

" TABU 

13.  PBEPAKATION  OP  KC1F^~ 

Mo. 

. ..  IF, 
(g) 

IF, 

(moles) 

CIF3, 

(8) 

ap3, 

(>olee) 

CIP3/IF, 
(sK>le  ratio) 

Beaction 

tmp., 

(C) 

(kxiveraion, 
(pet cant) 

" 1 

9.199 

.158 

33.9 

.367 

^ 2.32 

130 

97.7 

:::  2'::: 

16.945 

.292 

27.0 

.292 

1.00 

135 

92.8 

3 

21.921 

.377 

49.5 

f 

.535 

1.42 

135 

96.4 

4 

23.634 

.407 

48.4 

.523 

1.29 

135 

96.7 

5 

27.056 

111.8 

1.209 

2.59 

135 

97.1 

6 

26.477 

.456 

98.1 

1.061 

2.33 

135 

94.0 

7 

28.372 

•AM 

84.3 

.912 

1.87 

135. 

97.4 

8 

24.806 

.427 

94.4 

1.021 

2.39 

135 

98.5 

using  HgjN2  «•  the  fuel,  wee  tested  et  etmospherlc  pressure  end  did  not 
sustain  eosibustion.  All  other  grains  were  tested  in  the  saall  test  notor. 
Five  KClP4**HaN3  grains  were  prepered;  however,  during  the  preparation  of 
three  other  KClF4'NaM3  grains,  spontaneous  ignitions  occurred  during  either 
the  Mixing  or  pressing  operations.  All  five  RCiF^-NaNj  grains  fired  in  the 
eotor  ignited  end  burned  successfully.  Test  data  are  noted  in  table  16  as 
tests  3 through  7.  Burning  rates  varied  from  .05  to  .09  in. /sec.  The 
KClF4-NaN3  grain  used  in  test  No.  8 was  fired  into  an  evacuated  holding 
cylinder  for  gas  sampling.  The  burning  rate  was  very  low  and  the  limited 
quantity  of  gas  evolved  in  comparison  to  the  other  tests  showed  the  influence 
of  a large  pressure  effect.  A sample  of  the  combustion  products  was 
submitted  for  auiss  epectrometer  anelysis;  however,  instrumental  difficulties 
prevented  a satisfectory  analysis. 


A iotil  of  seven  additional  grains  were  prepared  from  the  KC1F4-A1 
reactant  system  using  rlumlntsi  powder  of  6 to  9 microns.  The  first  grain  had 
a 95  weight  percent  KCIF4/5  weight  percent  A1  composition  and  was 
successfully  fired  in  the  motor  (test  No.  10} . Hie  burning  rate  at  a chamber 
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TABLE  14.  DIA  OF  KCIP,  AND  VARIOUS  FUELS 

4 


Test 

Mo. 

Fuel 

Fuel 

Weight  Percent 

KCIP4, 

(weight  percent) 

Endo therms, 
(C) 

Exotherms , 
__  (C) 

1 

ae 

- 

100.0 

lOOw,  236w,  265w 

- 

2 

(C2F4) 

u IC.l 

89.  C 

lOOw,  233w,  260w 

- 

3 

SijM^ 

9.6 

90.4 

97w 

149vs 

4 

BN 

16.8 

83.2 

lOOw,  119s 

5 

B 

- 

- 

Spontaneour  Ignition  on  mixing 

6 

Hg3M, 

22.2 

77.8 

97w,  239w,  260w 

285w 

7 

Al 

10. .0 

90.0 

97w 

281s 

8 

Mg 

9.9 

90.1 

97w,  238w,  265w 

260w 

9 

S 

9.7 

90.3 

- 

94vs 

10 

NaNj 

10.1 

89.9 

- 

105s 

11 

Kel-F 

10.3 

89.7 

97w,  233w,  287w 

300w 

12 

- 

- 

Spontaneous  Ignition  on  mixing 

13 

- 

- 

Spontaneous  Ignition  on  mixing 

14 

AIN 

5.1 

94.9 

lOlw,  240w,  289w 

168m 

NOTE 

: vs  ” 

very  strong,  s ” 

strong,  m medium. 

w ■ weak 

pressure  of  approximately  300  psia  was  .04  in./ sec.  The  high  theoretical 
flame  temperature  of  1700  C and  the  presence  of  corrosive  gases  combined  to 
cause  partial  consumption  of  the  stainless  steel  grain  case.  Five  attempts 
%>ere  made  to  successfully  burn  grains  prepared  with  a iowr  aluminum  content 
of  97  weight  percent  KCIF4/3  weight  percent  Al,  The  first  grain  could  not  be 
ignited  even  after  prolonged  heating  with  a nichrome  wire  grid.  To 
facilitate  ignition,  more  easily  ignited  compositions  were  placed  as  a cap  on 
top  of  the  97  weight  percent  KCIF4/3  weight  percent  Al  grains.  The  first  cap 
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TABLE  IS.  SEMSITIVITy  TEST  DATA  OF  KCIF^  AND  VARIOUS  FUELS 


Test 

Ho. 

Fuel 

Fuel 

Weight  Percent 

KCIF4, 

(weight  percent) 

Friction 

Sensitivity, 

(kg-c») 

Friction 

Sensitivity* 

1 

HE3^2 

11.5 

88.5 

36.5 

- 

2 

*^3»2 

10.1 

89.9 

- 

No  sensitivity 

3 

H.H3 

10.1 

89.9 

16.0 

No  sensitivity 

4 

Al 

5.4 

94.6 

54.0 

No  sensitivity 

5 

AIN 

5.1 

94.9 

13.3 

No  sensitivity 

^ Dlanond  grit  at  70  ft- lb. 

employed  wee  a 90  weight  percent  RBrFg/10  weight  percent  Mg3N2  compoeitlon; 
this  cap  ignited  eatiafeetorily  but  ignition  of  the  grain  did  not  occur  (teat 
No.  12).  A cap  of  95  weight  percent  KCIF4/5  weight  percent  A1  waa  next 
examined  and  gave  the  aame  reaulta.  The  cap  residue  waa  removed  from  the 
grain  and  a aecond  cap  of  90  weight  percent  KCIF4/10  weight  percent  NaN3 
aucceaafully  ignited  the  grain  (teat  No.  13).  Thia  aame  composition  cap  was 
not  aueceaaful  in  igniting  a second  grain  (test  No.  14).  nor  was  a cap 
comprised  of  AgF2-Ng. 

A grain  was  formulated  with  96  weight  percent  KCIF4,  3 weight  percent 
Al,  and  1 weight  percent  NaN3.  While  it  couM  not  be  ignited  directly  with 
the  hot  nichrome  igniter  grid,  combustion  waa  complete  tdien  capped  with  an  89 
weight  percent  KCIF4/II  weight  percent  NaN3  composition,  A burning  rate 
of  .03  in./aec  waa  measured  at  a chamber  pressure  of  30  to'80  psia. 

Four  grains  were  pressed  and  fired  in  the  small  motor  with  a 95  weight 
percent  KCIF4/5  weight  percent  AIN  composition.  They  all  ignited  easily  and 
burned  completely  «rith  burning  rates  ranging  from  .014  to  .055  in./aec.  One 
grain  waa  fired  into  a holding  cylinder,  previously  passivated  with  fluorine, 
which  had  been  evacuated  and  filled  to  one  atmosphere  with  helium.  A sample 
of  the  combustion  gas  products  waa  submitted  for  mass  apectrographic 


39 


A1  5.0  95.0  18.56  1.01  1.76 

Nozzle  plugging  occurred,  grain  case  vail  burned 
A1  3.0  97.0  18.83  1.01  1.79 

Grain  did  not  Ignite 


TAktic  16  (cootlnued) 


analysis.  The  analysis  showed  the  major  components  of  the  sample  to  be  GIF 
and  Clj  accounting  for  over  90Z  of  the  sample.  Minor  components  Included 
CH2ClFt  CH2F21  CUF3,  and  F2.  The  KCIF4-AIM  reactant  system  operated  moot 
successfully  of  the  KCIF4  reactant  systems. 

Lithium  Pentafluoromanganate  - Very  limited  information  was  available  from 
the  literature  on  LiMiF5.  Hoppe,  Dahne  and  Klenm^^^^  have  reported  preparing 
the  compound  by  fluorinating  LiMiF3  at  450  to  500  C in  a flow  system  with 
sublimation  of  LiMnF5  and  collection  on  a cold  finger.  Since  this  method  is 
not  considered  practical  for  large-scale  production,  studies  were  performed 
under  the  IR&h  progrmn  to  define  a more  straightforward  synthesis  route  to 
LiMnF5.  These  studies  applied  the  method  for  preparation  of  KMnF5  of  Sharpe 
and  Vtoolf^^^^  to  LiHnF3. 

A series  of  reactions  was  performed  using  variously  M1F3,  Mh02>  or 
MnCl2  as  the  starting  material  with  LiF  and  BrF3.  A large  excess  of  BrF3, 
which  acts  both  as  a solvent  and  reactant,  was  used.  From  these  experiments, 
It  was  detetnlned  that  the  reaction  with  MnCl2  occurred  readily  at  ambient 
temperature  and  the  accompanying  exotherm  resulted  in  a significant 
temperature  rise.  Ten  syntheses  using  MnCl2  were  conducted  and  are 
summarised  in  table  17.  In  each  case,  there  was  a pressure  increase  during 
reaction;  percent  conversion  to  LiHiF^  on  a weight  basis  was  95  to  100 
percent.  The  gaseous  products  formed  during  the  synthesis  of  LiMnF5 
(preparation  No.  8),  as  analysed  by  mass  spectrometer,  are  shown  in  table  18. 

The  CI2,  BrCl,  and  Br2  are  expected  products.  The  source  of  the 
hydrogen  is  not  known.  The  MnCl2,  used  as  s starting  material,  was 
investigated  to  ensure  that  it  was  not  a hydrate.  Chlorine  by  analysis  was 
54.73  percent  (theoretical  ■ 56.35  percent)  and,  upon  vacuum  drying  at  155  C, 
only  a 1.27  percent  weight  loss  was  found.  A sample  was  also  submitted  for 
X**ray  analysis  and  found  to  match  the  ASTN  d-spacings  tor  anhydrous  MnCl2« 

It  was  concluded  that  the  hydrogen  was  obtained  from  secondary  reactions 
during  the  maos  spectrometer  analysis. 
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TABLE  17.  (continued) 


TABLE  18.  LlMaFj  SYNTHESIS  PRODUCT  GAS  COMPOSITION 

Mole 

Conpoiud  Percent 


60 

BrCl 

17 

HCl 

11 

9 

HBr 

2 

The  color  of  the  products  obtained  from  the  LiF-MnCl2**BrF3  reactions  b«a 
not  always  been  consistent,  as  noted  in  table  17.  As  a result,  samples  were 
submitted  to  determine  d-spacings  from  their  X-ray  powder  patterns.  The 
d-apacings  show  similarities  (as  compiled  in  appendix  C)  but  do  not  match 
exactly.  The  ASTM  index  does  not  contain  a pattern  or  d-spueings  for  LiMnFj. 
None  of  the  patterns  indicate  the  presence  of  LlF,  MnCl2i  MnF3. 

Three  preparations  were  made  using  NiBr2  as  a reactant.  As  in  the  ease 
of  N1CI21  it  was  found  on  the  basis  of  weight  change  that  the  reaction 
product  is  L1MiF5  with  conversions  of  94  to  99  percent.  Wi:.h  MnBr2>  the  heat 
of  reaction  was  greater  than  with  MnCl2>  gaseous  product  pressure 

buildup  was  less,  due  to  the  liberation  of  Br2  instead  ot  CI2  which  has  lower 
vapor  pressure  at  ambient  temperature. 

Three  reactions  to  prepare  NnF^  were  made  using  only  manganese  halides 
and  BrF3  to  obtain  a better  understanding  of  the  LiF-MnCl2-BrF3  and 
LiF-MnBr2-BrF3  reactions.  The  divalent  halides  MriF2,  MnCl2«  snd  >biBr2  were 
employed.  The  reaction  product  in  each  case  was  purplish-blue  to  gray-blue, 
consistent  with  the  literature.  The  solid  reaction  products  from  the 
fluoride  and  bromide  reactions  correspondef'  to  MnF4  on  a weight  basis  with 
conversions  of  96  and  97  percent,  respectively.  However,  the  chloride 
reaction  product  calculated  112.3  percent  uonveraion  on  the  basis  of  MnF^  and 
a more  reasonable  101.7  percent  if  HnF5  is  assumed  the  product.  In  each 
case,  the  product  appeared  to  be  stable  at  ambient  temperature. 


The  reeulte  of  wet  cheaicel  analyeee  of  the  various  reaction  products, 


LiHaFj  and  HnF4i  have  not  been  coaipletaly  satisfactory.  In  no  case  has 
analysis  accounted  for  100  percent  of  the  sanple«  the  nissing  constituents 
eaounting  to  fron  10  to  25  percent  of  each  of  six  samples.  The  possibility 
of  incomplete  conversion  of  >faCl2  (or  (tiBr2>  was  evaluated  by  analysis  for 
chlorine  and  bromine  but  together  these  elements  account  tor  less  than 
1.5  percent  of  the  sample.  These  data  are  thereby  consistent  with  the  X-ray 
diffraction  data  which  showed  no  LiF,  MiCl2>  or  MnBr2  In  the  samples.  The 
analysis  did  provide  expected  llthiue  and  sMnganese  concentrations  but 
effectively  did  not  account  for  the  active  fluorine.  A second  approach  to 
analysis  by  neutron  activation  analysis  for  Mi,  F,  and  Br  differed  from  the 
results  obtained  by  wet  chemical  analysis  by  showing  higher  fluorine  content. 


. ! 

t 1 

I 1 


ti' 
■ ( 
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The  possibility  of  hydrolysis  of  the  samples  during  handling  is  a 
plausible  explanation  for  the  analysis  discrepancy.  This  possibility  is 
consistent  with  the  weight  change  during  synthesis,  the  chemical  reactivity 
of  the  resulting  products,  and  the  weight  change  on  decomposition  of  LIM1F5, 
as  will  be  discussed  later. 

LiNnF5  was  found  to  be  compatible  with  more  fuels  than  the  other 
reactants,  as  shown  in  table  19,  but  was  not  completely  compatible  with 
Ng3K2  nor  Ca3N2«  No  iiignificant  endotherms  were  noted  for  LiMtiF3  mixtures  up 
to  the  DTA  limit  of  500  C;  however,  decomposition  could  have  occurred  without 
an  appreciable  temperature  change.  Exotherms  were  noted  with  NaN3,  AIN,  and 
Cs3N2.  Upon  mixing  LiHnF5  with  either  Hg3N2  or  Ca3N2>  some  sparks  were  noted 
and  in  some  cases  the  mixture  would  glow  brightly  tor  a few  seconds. 

A series  of  atmospheric  pressure  ignition  and  combustion  tests  was  made 
with  tamped  mixtures  of  LiMiF3  and  selected  fuels  as  shown  in  table  20. 
Complete  combustion  was  obtained  with  a 90  weight  percent  LlMiF3/10  weight 
percent  NaN3  mixture;  however,  a 95  weight  percent  LlniF3/A  weight  percent 
KaN3/l  weight  percent  A1  composition  would  not  sustain  combustion.  With 
magnesiua  as  the  fuel,  sustaining  combuation  occurred  with  5 weight  percent 
Mg,  but  2.5  weight  percent  ahowed  marginal  combuation  behavior. 
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TABLE  19.  DTA  OF  LUinFj  AND  VARIOUS  FUELS 


Test 

No. 

Fuel 

Fuel 

Height  Percent 

LlMnF5,  Endothenu, 

(trel^t  percent)  (C) 

Exothen 

(C) 

1 

Nrflj 

10.2 

89.8 

124s 

2 

AIN 

5.0 

95.0 

287vw 

3 

A1 

5.2 

94.8 

- 

4 

5.5 

94.5 

106wb 

5 

LI3N 

5.7 

94.3 

- 

6 

HB 

2.5 

97.5 

- 

7 

Mg 

5.0 

95.0 

- 

8 

N.N3 

9.8 

90.2 

12  3s 

NOTE: 

a - strong 

, WB  « weak  to  nediua,  vw  ■ very  weak 

Similarly,  a 5 weight  percent  A1  mixture  burned  well  and  a 2 weight  percent 
A1  compoaition  did  not.  An  AlN-LiMnF5  mixture  and  an  Fe-LlMnF3  mixture  both 
•honed  activity  upon  ignition  but  failed  to  sustain  combustion. 

Based  on  the  ignition  and  combustion  data,  sensitivity  tests  were 
performed  with  a 90  weight  percent  Li)feiF5/10  weight  percent  NaN3  composition 
and  exhibited  an  impact  sensitivity  of  150  kg- cm  and  no  friction  sensitivity. 
A 95  weight  percent  LiffciF3/5  weight  percent  Mg  composition  gave  an  impact 
sensitivity  of  92.3  kg-cm  and  no  friction  sensitivity. 

Difficulties  encountered  during  preparation  of  LiMnF3-NaN3  grains  were 
counter  to  the  reasonable  impact  sensitivities  noted  above.  Three  of  five 
MaN3  grain  preparations  ignited  during  the  pressing  operation  and  burned  to 
completion  in  the  press.  As  noted  in  table  21,  a 5 weight  percent  NaN3 
grain,  successfully  prepared,  would  not  sustain  combustion  in  the 
configuration  tested.  At  7.5  weight  percent  NaN3,  combustion  could  be 
obtained  as  noted  in  test  No.  5.  The  exhaust  from  this  test  was  passed 
through  KI  solution  but  since  the  KI-F2  reaction  is  not  quantitative,  the 
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TABLE  20.  IGNITION  AMD  COMBUSTION  TESTS  OF  LlMnF.  AND  VABIODS  FUELS 


2 I 

1 3 

•a  I 


V 

i I 


■Q  U 

eu  <u 


« I' 

o.  S 

c/i  w 


do  '3 

MH  6 

«j  o 

«)  § i-( 

n 3 


rJ  rJ  m* 

1 I I 


i I 

t •§ 

•W  iJ 

§•  § 

U 0) 


I I 

3 3 

3 3 

n u) 


4)  0) 

0)  0) 


s 

1/^  01 

h 0.  00  pH  Of 


O O ro 


N (N 

S *n  *h  5*^ 

£ ^ ^ I 


tn  55 

5 

*9  iH  <0  tC 

a •<  o s’ 


M 

a 5 


H 3 a) 

•««l  ■<  fe 


•tf  in  VO 


l/4~in.  of  grain 
burned 


1.77  pArceni:  yield  of  fluorine  froo  the  grain  baaed  on  evolved  iodine  is  only 
an  indication  cf  fluorine  generation. 

Four  grains  vfere  prepared  from  a 97.5  weight  percent  LiMiF5/2.5  weight 
percent  Mg  composition.  Two  grains  were  tested  at  ambient  temperature  and 
pressure.  The  LittiF5  used  for  the  first  grain  was  prepared  from  the 
LiF-MnCl2~BrF3  reaction.  The  second  grain,  prepared  with  LiVtiT^  from  the 
LiF-MnBr2-BrF3  reaction,  appeared  to  ignite  easier  but  in  neither  case  was 
sustained  combustion  obtained.  Two  grains,  prepared  trith  ■ iMiF3  from  the 
LiF-MnCl2“BrF3  reaction,  %»ere  fired  at  ambient  pressure  and  at  an  elevated 
temperature  of  150  C.  The  first  grain  ignited  and  burned  completely  but  the 
burning  rate  was  very  low.  The  combustion  gap.  pvoducts  were  swept  into  a KI 
solution  with  nitrogen.  The  liberated  iodine  calculated  to  be  a 1.24  percent 
fluorine  yield.  The  second  grain  ignited  and  combustion  occurred  in  the 
center  cf  the  grain. 

A sample  of  LiMnF3  was  exposed  to  air  to  detercaire  the  magnitude  of  the 
hydrolysis  rate,  A sample  of  C0F3  of  essentially  the  same  weight  was 
examined  for  comparison.  Weight  changes  were  taken  as  a measure  of 
hydrolysis.  Both  samples  appeared  to  reach  a maximum  weight  increase  after 
20  to  24  hours,  as  shown  in  figure  5,  and  in  the  case  of  LiMnF3,  subsequent 
exposure  caused  a loss  in  weight.  The  conclusion  which  can  be  drawn  is  that 
LiMn5  hydrolyzes  slowly  in  air  at  a rate  somewhat  like  that  of  C0F3. 

The  thermal  decomposition  of  LiMnF5  was  investigated  under  vacuum 
conditions.  A sample  was  placed  under  a continuously  maintained  vacuum  and 
the  weight  loss  was  measured  at  various  temperatures.  The  data  arc  listed  in 
table  22.  There  was  an  initial  weight  loss  at  ambient  temperature  that  could 
be  interpreted  as  loss  of  residual  BrF3.  The  greatest  weight  loss  occurred 
at  170  F and  above;  thus,  LiMnF5  appears  to  be  fairly  stable  to  thermal 
decomposition.  After  heating  for  a total  of  20.7  hours  at  temperature  levels 
of  125,  175,  225,  and  300  F,  1?,35  percent  of  the  weight  of  the  sample  was 
lost.  Correcting  .his  value  for  the  ambient  temperature  weight  loss^  the 
resulting  figure  of  12,24  percent  corresponds  closely  to  the  value 
attributable  to  the  loss  of  one  fluorine  (12.1  percent)  from  LiMnF^. 
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TABLE  22.  VACUUM®  DECOWOS’ITION  OF  LlF-MnBr^-BrF^  REACTICW  PRODUCT 

Sample  Weight  *■  4.568  g 
Reactor  Weight  ■ 528.55  g 


Cumulative 


Time, 

(nln) 

Temperature, 

(F) 

Weight  Loss, 
(g) 

Weight  Loss. 
(8) 

Percent 

Sample 

0 

71 

30 

71 

.030 

.030 

.66 

60 

71 

.010 

.040 

.88 

90 

71 

.007 

.047 

1.02 

120 

71 

.004 

.051 

1.12 

150 

125 

.014 

.065 

1.42 

180 

124 

.012 

.077 

1.69 

210 

122 

.022 

.099 

2.17 

240 

155 

.029 

.128 

2.80 

270 

174 

.112 

.240 

5.25 

300 

176 

.037 

.277 

6.06 

330 

170 

.016 

.293 

6.41 

360 

223 

.035 

.328 

7.18 

390 

224 

.014 

.342 

7.49 

420 

224 

.008 

.350 

7.66 

450 

224 

.009 

.359 

7.86 

480 

224 

.003 

.362 

7.92 

550 

225 

.014 

.376 

8.23 

600 

225 

.006 

.382 

8.36 

630 

282 

.013 

.395 

8.65 

660 

300 

.066 

.461 

10.09 

690 

302 

.070 

.531 

11.62 

720 

300 

.020 

,551 

12.06 

750 

300 

.012 

.563 

12.32 

780 

296 

.008 

.571 

12.50 

840 

296 

.010 

.581 

12.72 

900 

298 

.006 

.587 

12.85 

960 

298 

.006 

.593 

12.98 

1020 

302 

.002 

.595 

13.03 

1140 
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.007 

.602 

13.18 
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.005 
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.003 

.610 
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Figure  5.  Air  Hyd rolys i®  Study 
TASK  3:  SCALABILITY  TESTING  AND  SUPPORTING  ANALYSIS 

The  objective  of  this  task  was  to  examine  the  scalability  of  the 
fluorine  gas  generation  systems  which  were  recommended  as  a consequence  of 
the  work  of  task  2.  A specific  objective  of  the  program  was  development  of  a 
design  of  a generator  producing  .25  Ib/sec  of  fluorine  for  a period  of  from  1 
to  5 sec.  An  additional  generator  producing  5 Ib/sec  of  fluorine  for  10  sec 
was  also  designed. 

During  task  2 of  the  program,  all  candidates  with  the  exception  of 
LiMnF5  had  been  eliminated  from  consideration  on  the  basis  ot  production  of 
interfering  or  deactivating  species.  LiMnF^,  on  the  other  hand,  produces 
essentially  pure  fluorine  in  the  gas  phase  with  the  remainder  forming  a solid 
sintered  residue.  The  fluorine  yield  of  approximately  10  percent  by  weight 
is  offset  by  the  high  purity  of  the  fluorine  available. 

The  results  of  task  2 showed  that  the  fluorine-generating  solid  grains 
exhibited  a uniformly  low  burning  rate  with  only  a modest  pressure  exponent. 
At  approximately  100  psia,  the  burning  rates  of  these  gas  generator  grains 
were  in  the  range  of  approximately  .02  to  .03  in, /sec.  At  1000  psia  the 
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burning  r«t«  would  typically  be  of  the  order  of  .05  in./aec.  To  utilize 
anteriala  with  such  low  burning  rates  at  the  flow  rates  and  tines  specified 
in  any  reasonable  geometry  required  a different  design  than  normally 
considered  in  conventional  gas  generators.  A solution  to  this  type  of  system 
is  the  incorporation  of  discrete  particles  or  pellets  of  the  gas  generator  in 
a packed  bed  configuration  with  an  igniter  sized  to  ignite  the  entire  bed. 

In  this  manner,  high  flow  rates  can  be  achieved  through  the  large  surface 
area  available  with  the  discrete  particles.  To  achieve  similar  results  with 
normal  grain  designs  would  require  abnormally  thin  webs  which  are 
inconsistent  with  the  physical  properties  of  this  type  of  gas  generator. 

The  ignition  of  the  pellet  bed  requires  a more  elaborate  and  effective 
technique  than  the  experimental  methods  employed  in  the  pressed  grain 
experiments  conducted  earlier  in  the  program.  AlthoU|,a  the  hot  wire  type  of 
igniter  could  eventually  accomplish  the  ignition  of  all  the  gas  generator 
material,  extensive  Ignition  delays  and  long  rise  times  would  be  the 
consequence.  A more  appropriate  ignition  procedure  involves  a device 
producing  a reactive  gas  with  hot  particles  entrained  to  initiate  combustion 
in  a large  fraction  of  the  particles  in  the  pellet  bed.  The  hot  particles 
serve  to  ignite  a large  number  of  pellets  initially  while  the  reactive  gas 
serves  to  pressurize  the  system  to  promote  combustion  as  well  as  to  propagate 
the  ignition  by  reaction  with  additional  pellets. 


In  the  case  of  the  design  point  with  the  lower  flow  rates  and  shorter 
burning  time,  an  igniter  was  employed  which  consisted  of  a fluorine  gas 
generating  formulation  which  burned  at  a higher  temperaturer  than  the  main  gas 
generation  grains.  This  material  was  a KBrF^  formulation  and  was  selected  to 
produce  a minimum  of  contamination  during  the  ignition  stage  as  well  as  its 
high  temperature.  The  igniter  stage  was  initiated  by  an  electric  squib 
initiator.  In  the  cese  of  the  lerger  generator  producing  5 Ib  of  fluorine 
per  second,  an  additional  ignition  stage  was  Incorporated  consisting  of  the 
standard  fluorine  gas  generator  formulation  but  with  finer  particle  size  to 
enhance  n'^99  flow  rate.  This  stage  was  employed  between  the  igniter  grain 
and  the  gaa  generator  grain.  The  design  drawings  for  the  generators  are 
shown  in  figures  6 and  7,  raspectively. 
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Figure  6.  Smaller-Scale  Fluorine  Gas  Generator  Design 


tacon«l-718  vat  telaetad  for  tha  aaterUl  of  construction  since  it 
aabodiad  tha  bast  combination  of  propartUs  required  for  tha  design 
requirements,  it  resists  corrosion  by  fluorine  and  is  frequently  eeployed 
for  this  purpose.  It  further  eichibits  good  strength-temperature 
relationships  and  should  be  adequate  for  the  times  involved  in  the 
requirements.  Further,  it  is  less  expensive  than  other  material,  such  a. 
nickel  which  are  sometimes  employed  to  resist  fluorine  corrosion. 

No  filter,  are  shown  in  the  design  sketches.  These  are  conceived  of  as 
.operate  packages  and.  in  view  of  the  tendency  of  the  ga.  generator  grain  to 
form  a seif- filtering  clinker,  may  be  of  minimua  size. 
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CONCLUSIONS 


Th«  •xploratory  progran  d«<scribed  in  this  report  was  aimed  at  defining 
fluorine  reactant  systems  from  available  or  easily  synthesized  compounds  that 
could  be  considered  for  chemical  laser  operations.  The  impact  of  the  exhaust 
composition  from  candidate  gas  generators  on  overall  laser  system  size  and 
performance  could  not  be  quantitatively  defined  for  many  of  the  compositions 
considered  in  the  program;  therefore«  subjective  evaluations  were  made  to 
reduce  the  nundier  of  candidates  to  a writable  number  consistent  with  the 
scope  of  the  program. 

The  conclusions  that  can  be  drawn  from  the  work  reported  earlier  are  as 
follows: 

A.  As  a result  of  an  in-depth  literature  review,  a series  of  32 
candidate  reactants  mre  identified  that  potentialy  met  the  minimum 
requirements  for  fluorine  generation  of  10  weight  percent  fluorine. 

Of  these,  22  also  potentially  met  the  goal  of  25  weight  percent 
fluorine. 

B.  A list  of  13  candidate  reactants  Wv*re  identified  that  met  realistic 
performance  criteria  primarily  involving  safety,  stability,  and 
cost.  A large  number  of  the  original  32  candidates  were  rejected 
for  safety  considerations. 

C.  Of  five  reactants  selected  for  experimental  evaluation,  small-scale 
grains  were  prepared  and  tested  using  KBrFg,  KCIF4,  and  LiMiF;  as 
the  fluorine-generating  ingredient.  Satisfactory  combustion  and 
ignition  of  KBrF^/Mg3N2  and  KCIF4/AIN  reactant  systems  was 
demonstrated . 

D.  A low-cost,  one-step  route  for  the  preparation  of  lilfctF3  was 
established.  The  compound  was  determined  to  be  stable  to 
decomposition  under  vacuum  at  temperatures  up  to  approximately  160  F. 
Low  hydrolysis  rates  observed  in  air  wre  in  agreement  with  the 

low  apparent  reactivity  observed  upon  adding  LilfciFg  to  water. 

E.  The  compatibility  ot  LxMnF3  with  various  fuels  was  demonstrated. 
Ignition  and  combustion  studies  showed  the  feasibility  of 
developing  LiMnF3  reactant  systems  that  produce  only  fluorine  as  a 
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gAteouf  product.  The  fluorine  yield  for  the  candidate  formulation* 
ia  of  the  order  of  10  weight  percent. 

F.  The  design  of  a fluorine  gas  generator  using  a Li^fe)F5/MI^ 

conposition  showed  the  ignition  system  to  be  the  area  of  greatest 
importance  in  scale-up. 


58 


BIBLIOGRAPHY 


1.  Flaiuigan,  J.  E.',  K.  0.  Christe  and  D.  Pilovich,  et  al. , "Solid  Propellant 
Lacar  Fuel  Generator,"  (C),  Report  No.  AFWL-*TR-73-195,  Rockwell  lntema> 
tional,  Ganoga  Park,  Calif.,  Nov.  1973. 

2.  H.  H.  Schechter,  U.S.  Patent  2,469,414  (1949). 

3.  Matthewa,  D.  R. , "Emergency  Deatruction  of  Classified  Materiali,"  Contract 
N00014*72-C-0031,  Final  Report  No.  2527-FIR,  Chemical  Systems  Division; 

Sept.  1974. 

4.  Sauer,  D.  T. » R.  B.  Leinlng,  G.  M.  Daurelle,  and  K.  L.  Harvey,  "Solid 
Fueled  Generator  for  Fluorlnated  Gases,"  Tri- Service  Chemical  Laser 
Symposium,  18-20  Feb.  1976,  Kirtland  AFB,  N.  M. 

5.  Flanagan,  J.,  "Solid  Fluorine  Generator  Development,"  Tri-Service  Chemical 
Laser  Symposium,  18-20  Feb.  1976,  Kirtland  AFB,  N.  M. 

6.  Goetschel,  C.  T.,  V.  A.  Campanile,  R.  M.  Curtis,  K.  R.  Loos,  C.  D.  Wagner 

and  J.  N.  Wilson,  Inorg.  Chem.  11  (7).  1696-1701  (1972). 

7.  Zemva,  B.  and  J.  Slivnik,  Vestn.  Slov.  Kem.  Dris.,  19  (1-4),  43-6  (1972). 

8.  Hoody,  6.  J.  and  H.  Selig,  Inorg.  Nucl.  Chem.  Letters,  2 (10).  319  (1966). 

9.  Klimov,  V.  D.,  V.N.  Prusakov  and  V.  B.  Sokolov,  (USSR),  Dokl.  Akad.  Nauk. 
SSSR,  217  (5).  1077-9  (1974). 

10.  Whitney,  E.,  R.  HacLaren,  T.  Hurley  and  C.  Fogle,  J.  Am.  Chem.  Soc.,  86, 

4340  (1964). 

11.  Christe,  K.  0.,  and  J.  P,  Guertin,  Inorg.  Chem.,  5 (3) . 473-6  (1966). 

12.  Aubert,  J.  and  G.  H.  Cady,  Inorg.  Chem.,  9 (11).  2600-2  (1970). 

13.  Rillen,  K.  E.  and  G.  H.  Cady,  Inorg.  Chem.,  5 (11).  2057-9  (1966). 

14.  Moody,  G.  J.  and  H.  Selig,  Inorg.  Nucl.  Chem.  Letters,  2,  319  (1966). 

15.  Prusakov,  V.  N. , V.  B.  Sokolov,  and  B.  B.  Chaivanov,  (USSR),  Zh.  Fis.  Khim. , 

45  (5),  1102-5  (1971). 

16.  Selig,  H.,  Science,  jM,  (.36  18)  537  (1964),  cf.  Sci.  Am.,  66-67  (1964). 

17.  Guertin,  J.  P.,  K.  0.  Christe  and  A.  E.  Favlath,  Inorg.  Chem. ,5fll).  1921-24, 
(1966) . 

18.  Christe,  K.  0. , J.  P.  Guertin  and  A.  E.  Pavlath,  Inorg.  Nucl.  Chem.  Letters, 
2,  83  (1966). 


i 


59 


19.  Tolbtrg,  W.  E.»  R.  T.  RewLck,  R.  S.  Strlngham,  tad  M.  E.  Hill,  Inorg. 

ChM.,  6,  1156  (1967). 

20.  Bouy,  F.,  Ann.  Chen.  (FarU),  13  (41.  853-90,  (1959). 

21.  Whitney,  E.,  R.  Macl«aren,  C.  Fogle  end  T.  Hurley,  J.  Am.  Chea.  Soc.,  86, 

2583  (1964) . “ 

22.  Sukomlek,  B. , C.  A.  Vamser,  (Allied  Chemical  Corp.),  U.S.  3,422,159, (CL  260-648), 
14  Jan.  1969,  4 pp. 

23.  Christa,  K.  0.  and  V.  Maya,  Inorg.  Cham.,  8 (6),  1253-7  (1969). 

24.  Chretien,  A.  and  P.  Bouy,  Compt.  Rand.,  246.  2493-5  (1958). 

25.  Bums,  J.  H.,  R.  D.  Ellison  and  H.  A.  Levy,  Acta.  Cryst.,  18  (11.  11-16 
(1965) . 

26.  Ogrln,  T.,  M.Bohlne  and  J.  Sllvnlk,  J.  Chem.  Eng.  Bata,  18  (4).  402  (1973). 

27.  Gillespie,  R.  J.  and  G.  J.  Schrobllgen,  Inorg.  Chem.,  13  (4) . 765-70  (1974). 

28.  Gillespie,  R.  J.  and  G.  J.  Schrobllgen,  Inorg.  Chem.,  13  (5).  1230-5  (1974). 

29.  Chris te,  K.  0.  and  R.  D.  Wilson,  Inorg.  Chem.,  14  (3).  694-6  (1975). 

30.  Sharpe,  A.  G.  and  A.  A.  Woolf,  J.  Chem.  Soc.,  19M,  798-801. 

31.  Hoppe,  R. , V.  uahne  and  W.  Klenm,  Ann.  Chem.  (Paris),  658.  1-5  (1962). 

32.  Hoppe,  R. , W.  D^ne,  and  W.  Klenm,  Naturwlssenshaften,  429  (1961). 

33.  Tolberg,  W.  E.,  R.  T.  Rewlck,  R.  S.  Strlngham,  and  M.  E.  Hill,  Inorg.  Nucl. 

Chem.  Letters,  2,  79  (1966). 

34.  Chrlste,  K.  0.,  R.  D.  Wilson,  and  A.  E,  Axworthy,  Inorg.  Chem.,  12  (10) . 

2478-81  (1973). 

35.  Young,  A.  R.  and  D.  Moy,  Inorg.  Chem.,  6 (1).  178-9  (1967). 

36.  Zemva,  B. , J.  Zupan,  and  J.  Sllvnlk,  Inst.  Joeef  Stefan,  TJS,  Rep.  R-585, 

4 pp.  (1970). 

37.  Zemva,  B. , and  J.  Sllvnlk,  Inat.  Josef  Stefan,  US,  Rep.  R-S89,  12  pp.  (1970). 

38.  Zemva,  B. , and  J.  Sllvnlk,  J.  Inorg.  Hucl.  Chem.,  33(11K  3052-3,(1971). 

39.  Legasov,  V.  A.,  A.  S.  Marinin  (USSR),  2h.  FIs.  Khlm. , 46  (91.  2420-1  (1972). 


60 


40.  8«ligt  H. , and  J.  ShMir,  laorg.  Ch«i. , 3,  294  (1964). 

41.  Plllpovich,  D.,  C.  B.  Lindahl,  C.  J.  Schack,  R.  D.  Wilson,  and  K.  0.  Christa. 
Inorg.  Chan.,  11  (9).  2189-92  (1972). 

42.  Faacock,  R.  D.,  J.  Chan.  8oc.,  1953,  3617-19. 

43.  Hoppa,  R,,  W.  Liaba,  and  W.  Dahna,  Z.  anorg.  allgan.  Chen.,  307.  276  (1961). 

44.  Woolf,  4.  A.,  J.  Chan.  Soc.,  1950.  1053-6. 

45.  ^arp,  D.  W.  A.  and  J.  Thorlay,  J.  Cham.  Soc.,  1963.  3557-60. 


61 


APPENDIX  A 

REACTANTS  CONSIDERED  LIST 

The  reeetanta  eonaidered  Hat  ia  eonpoaed  of  five  tablet  depicting  the 
properties  of  32  candidate  reactants.  Table  A-*l  consists  of  a stnmary  of  the 
results  of  themochemical  equilibritm  calculations  conducted  at  tenperatures 
of  300,  1000,  1500,  and  2000  K and  1 atm  pressure.  These  computer 
calculations  effectively  described  the  products  of  equilibrium  dissociation 
of  each  reactant  at  each  of  the  four  designated  temperatures.  The  data 
tabulated  for  each  candidate  include  the  weight  percent  fluorine  available  as 
F,  F2>  and  NF3,  and  the  a at  1500  K.  Table  A-2  contains  the  more  important 
physical  properties  such  as  melting  point,  vapor  pressure,  decomposition 
temperature,  preparation  temperature,  and  heat  of  formation  as  well  as 
chemical  properties  such  as  chemical  reactivity  and  overall  stability.  These 
data  were  summarized  from  the  literature.  The  decomposition  temperature  was 
generally  that  temperature  where  the  material  was  reported  to  exhibit  an 
appreciable  dissociation  pressure.  The  reported  preparation  temperatures 
were  listed  since,  in  some  instances,  these  values  depicted  the  overall 
thermal  stability  «>here  more  direct  data  were  lacking.  The  heats  of 
formation  were  estimated  in  many  instances  and  are  so  noted. 


Table  A*-3  lists  availability  data,  the  most  conmion  synthesis  routes,  and 
estimated  costs  for  preparstion  of  various  quantities  of  each  reactant  from 
10  to  10,000  lb*  The  availability  assessment  was  made  on  a comparative  basis 
of  the  commercial  availability  of  precursors  in  the  synthesis  of  each 
reactant  and  the  complexity  of  synthesis.  Costs  were  estimated  based  on 
labor  and  raw  material  costs  only.  As  such,  these  costs  presume  existence  of 
manufacturing  facilities  (e.g.,  no  capitalization  costs)  and  also  do  not 
include  costs  for  process  development.  As  a result,  these  costs  are 
significantly  less  than  can  be  expected,  particularly  for  the  very  limited 
quantities  included  in  this  survey,  and  are  presented  for  comparison  purposes 
only. 


Table  A-4  is  devoted  to  the  properties  which  relate  to  potential  hazards 
associated  srith  the  preparation  and  uses  of  the  materials.  These  properties 


63 


include  the  reactivity  with  dry  or  moist  air,  the  toxicity  of  precursors,  and 
toxicity  of  the  decomposition  products.  The  data  for  this  table  were 
obtained  from  information  developed  from  the  literature  search. 

Table  k-5  consists  of  a summary  compilation  of  the  thermochemical 
calculations  of  candidate  reactant  systeias  performed  to  evaluate  the  primary 
performance  paraneters  of  theoretical  flame  temperature,  product  composition, 
and  weight  percent  fluorine. 


64 


TABLE  A-1.  iXUORINF,  YIEUI  OF  REACTANTS 

(RCL-1) 


Reactant 


Reactant 


Fluorine  Yield,  (weight  percent) 


Ho. 

Coopooitlon 

300  K 

1000  K 

1500  K 

2000  K 

1500  K 

1 

NF.BF, 
4 4 

53.72 

53.72 

53.72 

53.72 

1.152 

2 

XeF, 

G 

46.47 

46.47 

46.47 

46.47 

1.159 

3 

2N0F*XeFg 

18.46 

37.60 

43.81 

44.24 

1.167 

k 

KrFj'XeFg 

41.40 

41.40 

41.40 

41.40 

1.168 

5 

NOCIF^ 

6.25 

32.34 

39.87 

45.13 

1.177 

6 

4XeF, ‘MnF, 
6 4 

41.00 

42.68 

42.68 

42.72 

1.155 

7 

4XeFg*SnF^ 

38.78 

38.78 

39.78 

38.78 

1.157 

8 

HOF'XeOF, 

4 

19.65 

34.40 

40.10 

40.51 

1.177 

9 

XeF,‘2BrF^ 

7.32 

15.75 

36.03 

38.26 

1.140 

10 

XeF“.BF3 

36.41 

36.41 

36.41 

36.41 

1.160 

11 

NF^AaFg 

34.06 

34.06 

47.23 

47.68 

1.120 

12 

(N0)2MnFg 

0 

15.64 

24.18 

24.93 

I ,!56 

13 

KBrFg 

16.30 

30.94 

32.06 

34.66 

1.595® 

14 

NFgO-SbFg 

8.49 

15.18 

18.55 

18.75 

1.129 

15 

NOBrF^ 

0 

3.89 

29.82 

33.38 

1.149 

16 

XeFj'XeF^ 

30.27 

30.27 

30.27 

30.27 

— 

17 

BrF^AsFe 

9.93 

15.52 

38.98 

40.65 

1.118 

18 

NOAsFg 

0 

4.85 

25.42 

26.02 

1.124 

19 

NF^SbF^ 

29.16 

29.16 

29.16 

29.16 

1.131 

20 

N2F3ASF6 

27.74 

27.74 

41.23 

41.62 

1.125 

21 

RbBrF^ 

0 

8.19 

26.81 

28.91 

1.148 

22 

KCIF, 

4 

0 

24.89 

25.29 

30,42 

1.095® 

23 

ClFjBF^ 

0 

23.49 

23.77 

28.52 

1.166 

24 

C1F30'BF3 

0 

21.39 

21.62 

26.18 

1.175 

25 

CsBrFg 

0 

7.00 

22.91 

24.71 

1.140 

26 

XeFj 

22.45 

22.45 

22.45 

22,45 

1.195 

27 

NOVFg 

- 

5.80 

18.17 

19.48 

1.103 

28 

XeFj -MnF^ 

- 

18.97 

18.77 

19,03 

1.153 

29 

XeFj'VFj 

- 

12.36 

17,32 

18.02 

1.113 

30 

MnF^ 

- 

14.50 

14.23 

14,63 

1.077® 

31 

LiMnFj 

- 

12,10 

11.87 

12.27 

1,074® 

32  KMnFj 

Q 

Includes  condensed  phases. 

10.04 

9.85 

10.15 

1.075® 

X 

X 

X 

X 

X 

X 
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STABILITY  OF  REACTAKTS  (ICL-2) 
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RMct«Qt  &Mctant 


Wo,  Compoaittoo  Dry  Air 
1 None 


Bcactlvity  with 
Air  Moiat  Air 


KxF2‘X«Fg 


None  Fomui  HF,  NF,, 
and  BF3 


TABLE  A-4.  KEACTAMT 
Precuraor  Toxicity 


Thraahold 

Llait 

Compound  Value 


XeFg  None  Forma  hazardoua  Xe 

producta  and  HF  F2 

2M0F*XeFg  (None)  (Forma  haaardoua  XeFg 

producta*  HF  end  NOF 

MOX) 


(Forma  haaardoua  KxF2 

producta  and  NF)  XoF^ 


CooBanta 


29  Mildly  toxic 

3 Irritant 

Reacta  to  form 
for  HF  ••  2 mg/n 

M/A  Aaphyxlant 

.2  Xaacta  to  form 

**-  See  XdFg 

— Reacts  to  form 


Reacts  to  fom 
See  XeF^ 


NOCIF/ 


Forms  HF,  HCl, 
and  MOX 


Reacts  to  form  9 
Strdng  IrrltantJ 


1 ^ 

AXaF^'MnF^ 

(None) 

(Forma  hazardous 

- 

Sea  XcF^  1 

1 

products  and  HF) 

MnF4 

6 

Dust,  causes  ne| 
system  disorder)^ 

1 7 

AXeFe'SnF^ 

(None) 

(Foma  hesardous 

XeFg 

_ 

Sec  XaFg  ] 

products  and  HF) 

SnF4 

(2) 

Toxic  fumee  on  ^ 
decomposition 

■ ■ 9 

K0F«Xa0F4 

— 

(Forma  hesardous 

NOF 

w«* 

Reacts  to  fora  1 

products  and  HF) 

XeOF4 

1 «■ 

(Strong  Irritanli 

XaF2*2BtF3 

— 

(Reacts  to  form 

XeF2 

Toxic ; r irritant  | 

1) 

HF) 

BrFj 

.4 

Strong' ilrricantj 

10 

Xtfj  BF3 

(None) 

(Forvia  hazardous 

See  XiF<  1 

r 

u 

K, 

products  and  HF) 

BF3 

3 

Irritant  ]j 

) 

f 'll 

MF4ASF4 

None 

Reacts  to  fom 

MF3 

29 

Mildly  toxic  J 

1 

HF  end  toxic 

'2 

.2 

Reacts  to  fora  | 

products 

AaF^ 

<.l 

Cumulative  poiM 
(chronic  aystera 

. REACTANT  SAEETY  (RCL-4) 


ComcBntg 

ly  toxic 
ant 

to  form  KF,  (TLV 

■ 2 Qg/m^) 

yxiant 

a to  form  HF 
^6 

ta  to  form  HF,  NOX 


ta  to  form  HF 

a to  form  HF 
g irritant;  tcxic 


XaFg 

, cauaea  nervoua 
am  diaordeta 


•Fe 

fumea  on 
oaitlon 


ta 


to  form  HF 
ng  Irritant) 


% < irritant 
■irritant,  toxic 


•^6 

ant 


ly  toxic 
a to  form  HF 
tlve  poison 
nic  systemic) 


Decomposition  Product  Toxicity 


Compound 

Threshold 

Limit 

Value  Commenta 

29 

Mildly  toxic 

bf| 

3 

Irritant 

F2 

.2 

Forma  HF  in  moist  air 

Xe 

N/A 

Asphyxiant 

^2 

.2 

Forma  HF  in  moist  air 

X 

Xe 

N/A 

Asphyxiant 

^2 

.2 

Forms  HF  in  moist  air 

X 

H21  O2 

N/A 

— 

Kr 

N/A 

Asphyxiant 

Xe 

N/A 

Asphyxiant 

X 

h 

.2 

Forms  HF  in  moist  air 

GIF 

(.2) 

Forms  HCl  and  HF  in 
moist  air 

*■2 

.2 

Forms  HF  in  moist  air 

N2,  ©2 

N/A 

— 

F2 

.2 

Forms  HF  in  moist  air 

Xe 

N/A 

Asphyxiant 

X 

MnF- 

6 

1 Dust  causes  nervous 

MnF2 

6 

1 system  disorders 

Xe 

N/A 

Asphyxiant 

X 

F2 

.2 

Forms  HF  in  moist  air 

SnF2 

(2)  1 

Forms  toxic  fumes  and 

SnF4 

(2)  1 

HF  in  moist  air 

F2 

.2 

Forms  KF  in  moist  air 

X 

Xe 

N/A 

Asphyxiant 

O2,  Nj 

N/A 

— 

F2 

.2 

Forms  HF  In  moist  air 

Xe 

N/A 

Asphyxiant 

BrF 

(.2) 

Forms  HF  anti  HBr  in 
moist  air 

Xe 

N/A 

Asphyxiant 

X 

*"2 

.2 

Forms  HF  in  moist  air 

BF3 

3 

Irritant 

*^2 

.2 

Forms  HF  in  moist  air 

N2 

N/A 

- 

ASF3 

<.l  1 

Cumulative  poison 

X 

AsFj 

<•1  1 

(chronic  systemic) 
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TABLE  A -4.  (Contd 


E€.ct.nt  RMctant  Re.ctivity  with 

Mo,  Compotltion  Dry  Air Moist  Air 


12 

(N0)2MnFg 

Mods 

Forms  HF  end 
other  irrlcsnts 

13 

KBtPfi 

None 

Forms  HF  and  HBr 

14 

Hr30»SbF3 

(None) 

Forms  HF  and 
poisonous  8b 
compounds 

15 

NOBXF4 

None 

Forms  HF,  HBr, 
MOX 

16 

XcF2*XsF4 

(None) 

(Forma  hasardous 
compounds) 

17 

BtfeAsFe 

(Forms  HI,  HBr 
and  As  compounds) 

18 

MOAsF^ 

(Nods) 

(Forms  HF,  and 
hasardous  As 
coi^iounds) 

19 

NF4SbFg 

None 

Forms  HF  and 
poisonous  Sb 
compounds 

20 

N2?3A«F6 

■ 

(Forms  HF  and 
poisonous  As 
compounds) 

21 

RbBxf^ 

None 

Forms  HF  and 

HBr 


Precursor  Toxicity 


Compound 

Threshold 

Limit 

Value 

CoBments 

HOF 

Reacts  to  form  HF 

MnF4 

6 

Dust  causes  nervous 
system  disorders 

KF 

2.5 

Dust-irritant 

Btfj 

.4 

Strong  irritant,  toxic 

MF3O 

- 

Highly  toxic 

ID5Q  “ 200  to  500  ppm 

SbF5 

,5 

Cumulative  poison  (chroni 
systemic) 

MOF 

— 

Reacts  to  form  HF 

BrFj 

.4 

Strong  irritant,  toxic 

XeF, 

- 

Toxic,  irritant 

XSF4 

•— 

Toxic,  irritant 

Btf5 

.4 

Strong  irritant;  toxic 

F2 

.2 

Reacts  to  form  HF 

ABF5 

<.l 

Cuawl stive  poison  (chron: 
systemic) 

NOF 

- 

Reacts  to  form  HF 

ASF5 

.1 

Cumulative  poison  (thron: 
systemic) 

NF3 

29 

Mildly  toxic 

F, 

.2 

Reacts  to  form  HF 

SEFj 

.5 

Cumulative  poison  (chron 
systemic) 

H2F4 

— 

Mora  toxic  than  MF3; 
reacts  to  form  HF  with 
H2O 

Cumulative  poison  (chron 
systemic) 

AsFj 

<a 

'2 

.2 

Raacte  to  form  HF 

RbF 

2.5 

Irritant 

BtFj 

t4 

Strong  Irritant;  toxic 

70 


I TABLE  A -4. 
Ity 


(CoaCdt) 


DeconpoBitlon  Product  Toxicity 

Threshold 

Limit 


ts  Conaents 

Compound 

Value 

Comments 

P 

llcte  to  form  UF 

^2 

.2 

Forms  HF  in  moist  air 

bt  ceuees  nervous 

N2.  °2 

N/A 

— 

item  disorders 

MnF2 

Dust  causes  nervous  system 

MnF3 

6 1 

disorders 

it-lrrlt«nt 

KF 

2.5 

Dust -irritant 

Mng  irritant,  toxic 

BrF 

(.2) 

Forms  HF  and  HBr  in  moist 
air 

•' 

^2 

.2 

Forms  HF  in  moist  air 

|hly  toxic 

NF<> 

29 

Mildly  toxic 

^ ■ 200  to  500  ppm 

Oo 

N/A 

— 

iulative  poison  (chronic 
Itemic) 

SbFj 

.5 

Cumulative  poison  (chronic 
systemic) 

lets  to  form  HF 

^2*  *^2 

N/A 

— 

pong  irritant,  toxic 

BtF 

(.2) 

Forms  HF  and  HBr  in  moist 
air 

■ 

^2 

.2 

Forms  HF  in  moist  air 

(Ic,  irritant 

Xe 

N/A 

Asphyxiant 

tic,  irritant 

^2 

.2 

Forms  HF  in  moist  sir 

fbng  irritant;  toxic 

^2 

.2 

Forms  HF  in  moist  air 

^ts  to  form  KF 

BiF 

(.2) 

1 Forms  HBr  and  HF  in  moist 

air 

Iulative  poison  (chronic 
ktamic) 

ASF3 

<.l 

Cumulative  poison  (chronic 
systemic) 

i^ts  to  form  HF 

^2 

.2 

Forms  HF  in  moist  air 

iulative  poison  (chronic 
tcmic) 

AsFj 

.1 

Cumulative  poison  (chronic 
systemic) 

dly  toxic 

NFo 

29 

Mildly  toxic 

Uts  to  form  HF 

F, 

.2 

Forms  HF  in  moist  air 

Illative  poison  (chronic 

SW3 

.5  1 

1 Cumulative  poison  (chronic 

Iramic) 

SbFj 

,5  1 

1 systemic) 

U toxic  than  NF^i 

NF3 

29 

Mildly  toxic 

Uts  to  form  HF  with 

^2 

.2 

Forms  HF  in  moist  air 

ASF3 

<.l 

1 Cumulative  poison  (chronic 

ulative  poison  (chronic, 
tsmic) 

ets  to  form  HF 

ASF5 

<a 

I systemic) 

itant 

RbF 

2.5 

Irritant 

png  irritant;  toxic 

BrF 

(.2)  Forms  HF  and  HBr  in  moist 

air 

L _ . ..  . 

^2 

.2 

Forms  HF  in  moist  air 

-TO 

■ 

J*  * • »j. 

00 


table  a -4 


Precurior  Toxicity 


Ruccaat  Reactant 
No.  Compoattlon 


Reactivity  with 
Dry  Air Moiat  Air 


Compound 


22 

KCIF4 

None 

Forms  HF  and  HCl 

KF 

CIF3 

23 

CIF2BF4 

— 

(Forms  HF  and 
HCl) 

CIF3 

BF3 

24 

C1F30*BF3 

— 

Forms  HF  and  HCl 

BF3 

CIF3O 

25 

CsBrFg 

None 

Forms  HF  and  HBr 

CsF 

BrFj 

26 

XeF2 

None 

Forms  HF 

XeF2 

27 

NOVFe 

None 

Forms  HF,  NOX  and 
V compounds 

NOF 

VF5 

28 

XeF2*MnF4 

(None) 

(Forms  KF) 

XeF2 

MnF4 

29 

e 

XeF2*VF5 

- 

(Forms  HF  and  V 
compounds) 

XeF2 

VF5 

30 

MnF^ 

None 

Forms  HF  and  Mn 
compounds 

MnF^ 

31 

LiMnFs 

(None) 

Forms  HF 

LiF 

MnF^ 

32 

KMnFj 

None 

Forms  HF 

KF 

MnF4 

NOTI: 

Estineted  quantities  are  in  parentheses. 

Threshold 

Limit 

Value 


2.5 

.4 

.4 


3 

3 


2.5 

.4 


.5 


6 


Comments 


Irritant 

Strong  irritant; 


Strong  irritant; 
Irritant 


Irritant 
(Probably  similar 
ClFj) 


Irritant 

Strong  irritant; 


Toxic;  irritant 


Reacts  to  forms 
Strong  irritant; 


Toxic;  irritant 
Dust  causes  ne^ 
system  disorders 


— Toxic;  irritant 

.5  Strong  irritant; 


6 Dust  causes  nerv 

system  disorders 


2.5  Irritant 

6 Dust  causes  nerv 

system  disorders 


2.5  Irritant 

6 Dust  causes  ne 

system  disorders 


TABLE  A -4.  (Contd.) 


Irritant 

KF 

2.5 

Irritant 

Strong  irritant;  toxic 

GIF 

(.2) 

Irritant;  forma  HF  and  HCl 

^2 

.2 

Forms  HF  in  moist  air 

Strong  irritant;  toxic 

BF3 

3 

Irritant 

F9 

.2 

Forms  HF  in  moist  air 

Irritant 

GIF 

.4 

Forms  HF  and  HCl  in  moist 

air 

Irritant 

BF3 

3 

Irritant 

(Probably  similar  to 

GIF 

(.2) 

Forms  HF  and  HCl  in  moist 

CIF3) 

air 

.2 

Forms  HF  in  moist  air 

N/A 

— 

Irritant 

GsF 

2.5 

Irritant 

Strong  irritant;  toxic 

^2 

.2 

FormSfHF  in  moist  air 

BrF 

(.2)1 

Forms  HF  and  HBr  in  moist 

BrF3 

(.2)1 

air 

Toxic;  irritant 

Xe 

N/A 

Asphyxiant 

^2 

.2 

Forms  HF  in  moist  air 

Reacts  to  forms  HF 

N,.  O2 

N/A 

— 

.2 

Forms  HF  in  moist  air 

Strong  irritant;  toxic 

Vf  3 

1 

Forms  HF  and  V dust  — 

VF5 

.5  1 

respiratory  irritant 

Toxic;  irritant 

Xe 

N/A 

Asphyxiant 

Duat  cauaea  nervous 

^2 

.2 

Forms  HF  in  moist  air 

system  disorders 

MnF2 

^ 1 

Dust  causes  nervous  system 

MnF3 

6 } 

disorders 

Toxic;  irritant 

Xe 

N/A 

Asphyxiant 

Strong  irritant;  toxic 

^2 

.2 

Forms  HF  in  moist  air 

VI3 

Forms  HF  and  V compounds 

vf| 

•5  1 

in  moist  air 

Dust  causes  nervoua 

*■2 

.2 

Forms  HF  in  moist  air 

system  disorders 

MrF'2 

Duet  causes  nervoua  system 

MnF3 

6 1 

disorders 

Irritant 

LiF 

2.5 

Irritant 

Dust  causes  nervous 

F2 

.2 

Forms  HF  in  moist  air 

system  disorders 

MnFj 

^ 1 

Dust  causes  nervous  system 

MnF3 

6 1 

disorders 

Irritant 

Forma  HF  In  moiat  air 
Duat  cauaea  nervoua  syatero 
diaordero 


Irritant 

Duat  cauaea  nervoua 
system  disorders 


APPENDIX  B 


THEORETICAL  ANALYSIS  OF  REACTANT  SYSTEM 

The  theoretical  combustion  parameters  o£  candidate  reactant  systems  were 
calculated  using  current  JANNAF  thermodynamic  product  data  and  heats  of  forma- 
tion of  reactants,  where  available.  Chemical  equilibrium  was  assumed  throughout 
the  calculations.  An  arbitrary  chamber  pressure  of  100  psia  was  chosen  for  this 
analysis.  The  reactant  systems  included  in  the  following  tables  are  listed  in 
the  order  of  the  experimental  evaluation,  as  follows: 


System  No. 

Reactant 

Fuel 

Table 

2324 

N0BrF4 

^®3^2 

B-1 

2314 

NOBrF^ 

Si3N4 

B-2 

2018 

NOBrF^ 

<C2F4)n 

E-3 

2311 

(N0)2MnF^ 

S13N4 

B-4 

2335 

(N0)2MnFg 

<C2*’4>n 

B-5 

2325 

<N0)2MnFg 

M83N2 

B-6 

2316 

KBrle 

SI3N4 

B-7 

2334 

KBrFg 

B-8 

2326 

KBrFg 

M83N2 

B-9 

2343 

KBrFg/KF 

Mg3N2 

E-10 

2317 

KCIF4 

Si3N^ 

B-11 

2333 

KCIF4 

B-12 

2349 

KCIF4 

NaN^ 

B-13 

2327 

KCIF4 

M83N2 

B-14 

2342 

KCIF^/KF 

”83^2 

B-15 

2354 

KCIF4 

AIN 

B-16 

2359 

KC  IF^ 

A1 

B-17 

2321 

LiMnfj 

Si3N4 

B-18 

2336 

LiMnFij 

B-19 

2350 

LiMnFj 

NaN3 

B-20 

2355 

LlMnF^ 

AIN 

b-21 

A.jOI 

LIM11F5 

A1 

B-22 

2385 

LiJMnFj 

Mg 

B-23 

2372 

LlMnFg 

M83N2 

B-24 

2,344 

KMnF5 

Mg3N2 

B-25 

73 


1 

-1 

■ 4 

TABLE  B-1.  THEORETICAL  ANALYSIS  OF  NOBrF^/Mg^Ui 


i 


System  No.  2324 

3 

4 

5 

6 

7 

8 

9 

li 

NOBrF^,  weight  percent 

97.00 

96.00 

95.00 

94.00 

93.00 

92.00 

91.00 

Mg3N2,  weight  percent 

3.00 

• 

0 

0 

5.00 

6.00 

7.00 

8.00 

9.00 

i 

Combustion  parameters  \ 

Pf,..  ?ela 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

Tc  K 

751 

1020 

118). 

1280 

1352 

1411 

1469 

7 

1.123 

1.103 

1.088 

1.084 

1.084 

1.087 

1.092 

Holes  gas/ 100  g 

1.072 

1.087 

1.153 

1.241 

1.338 

1.439 

1.541 

u 

1 

Combustion  products,  moles/lOO  g 
F - 

.0049 

.0394 

.1005 

.1786 

.2691 

.3706 

i 

i 

*■2 

*- 

.0097 

.0422 

.0692 

.0891 

.1007 

.1022 

Br 

- 

- 

- 

- 

... 

- 

.0002 

Br2 

- 

- 

- 

- 

- 

- 

- 

BrF 

.0010 

.0084 

.0434 

.1108 

.1895 

.2692 

.3450 

BrF3 

.4283 

.4698 

.4568 

.3909 

.3091 

.2249 

.1440 

A 

BrFj 

.0924 

.0381 

.0108 

.0038 

.0016 

.0006 

.0002 

1 

MrFj 

- 

- 

- 

- 

- 

1 

NF3 

- 

.0007 

.0008 

.0006 

.0005 

.0003 

.0002 

NO 

- 

•- 

- 

.0002 

.0003 

.0005 

.0007 

N2 

.2104 

.2011 

.2281 

,2508 

.2683 

.2839 

.2990 

NOF 

.1575 

.1921 

.1526 

.1218 

.1014 

.0847 

.0688 

NO2F 

.0029 

.0005 

.0002 

.0001 

- 

- 

- 

1 

.1 

O2 

.1792 

.1615 

.1788 

.1915 

.1990 

. 2045 

.2097 

i 

MgF2(l) 

- 

- 

- 

- 

- 

- 

- 

MgFjCs) 

.0892 

.1189 

.1486 

.1783 

.2080 

.2377 

,2674 

F,  F^,  NF3,  weight  percent 

.00 

.50 

2.40 

4.58 

6.81 

8.96 

10.93 

i 

la 

I 


;ORETICAl  analysis  of  NOBrF^/Mg^N^ 


( 


7 

8 

9 

10 

11 

12 

13 

14 

15 



00 

93.00 

92.00 

91.00 

90.00 

89.00 

88,00 

87.00 

86.00 

85.00 

00 

7.00 

8.00 

9.00 

10.00 

11.00 

12.00 

13.00 

14.00 

15.00 

1 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

9 

1352 

1411 

1469 

1536 

1571 

1700 

1913 

2083 

2199 

9 

1.08A 

1.087 

1.092 

1.000 

1.107 

1.136 

1.134 

1.110 

1.101 

f 

1.338 

1.439 

1.541 

1.638 

1.644 

1.699 

1.700 

1.696 

1.705 

9 

.1786 

.2691 

.3706 

.4810 

.5037 

.5961 

.6216 

.6134 

.6042 

wM 

.0891 

.1007 

.1022 

.0899 

.0734 

.0378 

.0110 

.0045 

.0026 

m 

- 

- 

.0002 

.0004 

.0007 

.0028 

.0198 

.0663 

.0137 

- 

- 

- 

■- 

- 

- 

,0005 

.0022 

.0041 

108 

.1895 

.2692 

.3450 

.4111 

.4333 

.4625 

.4465 

.3917 

.3252 

^9 

.3091 

.2249 

.1440 

.0725 

.0447 

.0079 

.0005 

.0001 

— 

.0016 

.0006 

.0002 

- 

- 

- 

— 

— 

— 

- 

_ 

- 

- 

- 

.0003 

.0035 

.0159 

.0387 

.0005 

.0003 

.0002 

.0001 

- 

- 

- 

- 

- 

.0003 

.0005 

.0007 

.0010 

.0012 

.0021 

.0044 

.0071 

.0094 

.2683 

.2839 

.2990 

.3147 

.3264 

.3437 

.3569 

.3647 

.3714 

^18 

.1014 

.0847 

.0688 

.0516 

.0425 

.0215 

.0071 

.0033 

.0021 

boi 

- 

- 

- 

- 

- 

- 

- 

— 

— 

.1990 

.2045 

.2097 

.2154 

.2172 

.2246 

.2279 

.2257 

.2232 

k 

— 

- 

- 

.0033 

.3268 

.3563 

.3828 

.4001 

.4070 

r83 

.2080 

.2377 

.2674 

.2938 

— 

— 

— 

— 

— 

58 

^.81 

8.96 

10.93 

12.56 

12.36 

12.76 

12.23 

11.83 

11.58 

TABLE  B-2.  THEORETICAL  ANALYSIS  OF  NOBrF4/Si3N^ 
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TABLE  B-3.  THEORETICAL  ANALYSIS  OF  N0BrF4/(C2F4) 
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TABLE  B-18.  TKEORETZCAL  ANALYSIS  OF  LlMnF3/Sl3N^ 


System  No.  2321 

1 

2 

3 

LIM11F3,  weight  percent 

95.00 

90.00 

85.00 

Sl3N^,  weight  percent 

5.00 

10.00 

15.00 

Combustion  parameters 

F psla 
c ■ 

100.0 

100.0 

100.0 

Tc,  K 

1395 

1806 

2067 

Moles  gas/lOO  g 

.314 

.682 

.777 

Combustion  products,  moles/ 100  g 

F 

.0796 

.0036 

— 

^2 

.0476 



LtF 

.0001 

.0184 

,1257 

Li^F^ 

.0001 

.0089 

.0442 

Li3F3 

— 

0 
0 
1— » 

.0070 

Mn 

— 

— 

.0284 

MnF2 

— 

.0051 

.0372 

M«F3 

.0056 

.2884 

— 

MnF. 

.0022 

- 

— 

NF3 

.0003 

• - 

— 

«2 

.0711 

.1426 

.2139 

SIF3 

— 

— 

.0286 

SiF^ 

.1069 

.2139 

.2921 

LIF  (1) 

.6052 

.5331 

.3066 

Wto  (1) 

- 

- 

.0569 

M1F2  (1) 

- 

— 

.4193 

MnF3  (1) 

.5978 

.2803 

F,  F2,  NF3,  weight  percent 

3.34 

.07 

— 

table  B-19.  THEOBETICAL  analysis  of  Ll*faF5/CC2F^) 
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TABLE  B-20.  THEORSnCAL  ANALYSIS  OF  UttiFc/IfeH. 
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TABLE  B-21.  IHBOUTICAL  AKALTSIS  OF  LlMoF./AlH 
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TABLE  B-22.  THEORETICAL  ANALYSIS  OF  LllfaF^/Al 


i 


F,F2,NF3,  weight 


TABLE  B-23,  THEORETICAL  ANALYSIS  OF  LlMnF3/Mg 


Syatcm  No.  2385 

1 

2 

3 

4 

5 

LiMiiFj,  weight  percent 

95.0 

96.0 

97.0 

98.0 

99.0 

Mg,  weight  percent 

5.0 

4.0 

3.0 

2.0 

1.0 

Conbuetlon  pereaetera 

Pg.  P»i« 

100.0 

100.0 

100.0 

100.0 

100.0 

Tg,  K 

1727 

1536 

1350 

1219 

1030 

Holes  gsa/100  g 

.282 

.239 

.236 

.258 

.282 

Coe^ustlon  products,  moles/100  g 

F 

.1635 

.1537 

.0926 

.0530 

.0144 

F2 

.0143 

.0680 

.1382 

.2029 

.2671 

LiF 

.0039 

.0005 

— 

- 

- 

LI2F2 

.0021 

.0004 

- 

- 

- 

LI3F3 

- 

.0001 

— 

- 

- 

MnF3 

.0953 

.0178 

.0024 

.0003 

- 

MnF^ 

.0024 

.0033 

.0027 

.0013 

.0002 

LlF(l) 

.5964 

.6106 

.6182 

.6247 

— 

LlF(s) 

- 

- 

- 

- 

.6311 

MgF2<l) 

.2055 

.1321 

- 

- 

- 

MgF2(s) 

- 

.0324 

.1234 

.0822 

.0411 

MnPjCl) 

.5079 

.5909 

.5065 

- 

- 

MnF3<») 

— 

— 

.1066 

.6231 

.6309 

F,  P^,  NPj,  weight  percent 

3.65 

5.31 

7.01 

8.72 

10.42 
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TABLE  B-24.  THEORETICAL  ANALYSIS  OF  LmnF5/Mg2N2 


Syittm  No.  2322 

11 

10 

9 

8 

7 

6 

12 

13 

14 

15 

LiMnF3,  weight 
percent 

99.50 

99.40 

99.30 

99.20 

99.10 

99.00 

98.90 

98.80 

98.70 

98.60 

Mg3N2>  weight  .50 

percent 

Combustion  peremetere 

.60 

.70 

.80 

.90 

1.00 

1.10 

1.20 

1.30 

1.40  ^ 

?c.  peie 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0  ^ 

Tg,  K 

797 

822 

847 

872 

897 

921 

944 

968 

991 

1012  j 

1 

1.021 

1.021 

1.021 

1.020 

1.020 

1.020 

1.020 

1.020 

1.021 

1.022  j 

Mo lee  gee/ 100  g 
Combustion  products 

.298  .294 

, moles/ 100  g 

.290 

.286 

.282 

.287 

.275 

.271 

.268 

.266 

F 

.0009 

.0014 

.0019 

.0026 

.0034 

.0045 

.0058 

.0073 

.0090 

.0109  i 

^2 

.2869 

.2805 

.2739 

.2673 

.2606 

.2539 

.2471 

.2404 

.2339 

.2282  j 

NnF3 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- \ 

MnF4 

- 

- 

- 

- 

- 

- 

.0001 

.0001 

.0001 

’j 

.tX)02  1 

MF3 

.0099 

.0119 

.0139 

,0154 

.0178 

.0198 

.0217 

.0235 

,i250 

.0260  j 

»2 

— 

- 

— 

— 

— 

— 

.000: 

.0002 

,0004 

.0009 j 

LiF(l) 

- 

- 

- 

— 

- 

- 

- 

- 

- 

- i 

LiF(i) 

.6343 

.6336 

.6330 

.6324 

.6317 

.6311 

.6304 

.6298 

.6292 

.6285] 

Mgp2<») 

.0149 

.0178 

.0208 

.0238 

.0267 

.029'' 

.0327 

.0357 

.0386 

.0416] 

Midr3(l) 

- 

- 

- 

- 

-- 

- 

- 

- 

- 

- 1 

Mnr3(e) 

.6343 

.6336 

.6330 

.6323 

.6317 

.6310 

.6304 

.6297 

.6291 

.6284] 

F,  F2,  HF3, 
weight  percent 

11.49 

11.36 

11.24 

11.11 

10.98 

10.86 

10.75 

10.60 

10.50 

10.36  , 

THEORETICAL  ANALYSIS  OF  LlMriF^/Mg^Nj 


1 

I 


i 

b 

12 

13 

14 

15 

16 

5 4 3 

2 

1 

99.00 

98.90 

98.80 

98.70 

93.60 

98.50 

98.00  97,00  96.00 

95.00 

k) 

1.00 

1.10 

1.20 

1.30 

1.40 

1.50 

2.00  3.00  4.00 

5.00 

I 


100.0 

100.0 

100.0 

100.0 

100,0 

100.0 

100.0 

100.0 

100.0 

100.0 

921 

944 

968 

991 

1012 

1033 

1121 

1190 

1347 

1358 

a 

1.020 

1.020 

1.020 

1.021 

1.022 

1.024 

1.000 

1.028 

1.031 

1,030 

t 

.287 

.275 

.271 

.268 

.266 

.265 

.269 

.261 

.278 

.250 

.0045 

.0058 

.0073 

.0090 

.0109 

.0131 

.0273 

.0419 

.0978 

.0877 

1 

.2539 

.2471 

.2404 

.2339 

.2282 

.2234 

.2119 

.1834 

.1343 

.1070 

- 

- 

- 

- 

- 

- 

- 

.0002 

.0027 

.0029 

1 

~ 

.0001 

.0001 

.0001 

.0002 

.0002 

.0005 

.0010 

.0029 

.0026 

n 

.0198 

.0217 

.0235 

.0250 

.0260 

.0262 

.0181 

.0101 

.0017 

.0013 

— 

.0001 

.0002 

.0004 

.0009 

.0018 

.0108 

.0246 

.0387 

.0488 

[ 

- 

- 

- 

— 

- 

— 

.0103 

.6183 

.6113 

.0054 

k 

.6311 

.6304 

.6298 

.6292 

.6285 

.6279 

.6144 

- 

- 

- 

r 

.029’' 

.0327 

.0357 

.0386 

.0416 

.0445 

.0594 

.0891 

.1189 

.1486 

\ 

- 

- 

- 

- 

- 

- 

- 

- 

- 

.6001 

r 

.6310 

.6304 

.6297 

.6291 

.6284 

.6277 

.6241 

.6172 

.6063 

— 

1 

^8 

10.86 

10.75 

10.60 

JO, 50 

10.36 

10.23 

9.61 

8.34 

7.05 

5.81 

i 

[. 

i 

I 

[ \ Preceding  page  blank 
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APPENDIX  C 

X-RAY  ANALYSIS  DATA  FOR  LiltaFs  AND  MHF4 

All  Debye-Seherrer  X-ray  powder  petterna  were  tahen  using  a S7.3-na- 
diaweter  caneta  with  CuK  aradiation  a?vl  a Ni  filter.  The  d-spaoings  and 
intensities  are  shown  in  table  C-1  for  all  samples  analysed,,  All  of  the 
samples  appeared  amorphous  rather  than  crystalline  and  the  manganese  tended 
to  cause  some  interference  providing  significant  background  to  the  resulting 
patterns. 

Comparison  of  the  d-spacings  with  strong  and  medium  intensities  for  the 
first  LiItoF5  samples  reveals  that  practically  all  appear  among  two  or  more  of 
the  samples  analyzed.  Preparation  No.  14  may  be  Li2MnFg  as  there  is 
considerable  correspondence  between  the  d-spacings  of  the  stronger 
intensities  end  those  calculated  for  Li2MnF5  from  the  structure  determination 
by  Hoppe.  «it  al.^3^)  The  d-spacings  for  the  MiCl2~BrF3  reaction  product  No. 
12  are  certainly  different  than  the  Li2NnF5  and  LiMiF3  spaeings. 
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TABLE  C-1.  X-RAY  DIFFRACTION  POWDER  PATTERNS  OF  LiHnF^  PREPARATIONS 
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Note:  vs  » very  strong,  s = strong,  m = medium,  w * weak,  vw  * very  weak,  vvw  ” very,  very  weak. 


